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ABSTRACT 


Propulsion  systems  were  studied  for  post- 1975  geosynchronous 
satellites  that  have  stringent  attitude  and  station  maintenance  requirements 
with  mission  durations  of  up  to  10  years.  Systems  using  catalytic  mono- 
propellant,  nuclear-thermal  monopropellant,  chemical  bipropellants  and 
electric  thrusters  were  studied  and  ranked  according  to  several  analysis 
areas  which  included  propulsion  system  weight,  system  reliability  and 
costs.  Areas  requiring  further  technology  development  are  recommended 
on  the  basis  of  system  rankings. 
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SECTION  1 


INTRODUCTION 

Tilt*  task  of  evaluating  future  attitude  control  propulsion  development 
programs  for  satellite  applications  is  unwieldy  due  to  the  proliferation  of 
systems  concepts  over  the  past  It)  years.  Since  budgetary  constraints 
limit  the  amount  of  dollars  for  new  technology  efforts,  a  method  for 
selecting  the  most  promising  areas  of  future  satellite  propulsion  work  is 
needed.  Past  evaluation  methods  have  employed  fragmented  examinations 
of  various  engine  performance  parameters  such  as  specific  impulse,  pulse 
centroid  repeatability  and  minimum  impulse  bit  (Reference  l).  No  recent 
comparisons  on  a  total  system  design  basis  for  a  specific  mission  have 
been  made.  Only  one  other  satellite  system  study  has  been  undertaken  at 
the  Air  Force  Rocket  Propulsion  Laboratory  (AFRPL).  This  study  was 
completed  on  20  May  1968  by  Mr.  E.  C.  Barth.  It  was  entitled  "Applications 
of  DART  for  Space  Relay  and  Data  Management  Satellite.  " 

The  present  study  uses  an  advanced  geosynchronous  mission  model 
having  stringent  attitude  and  station  maintenance  requirements  to  compare 
1  6  satellite  propulsion  systems,  in  various  phases  of  development,  against 
such  important  system  design  parameters  as  propulsion  system  weight, 
system  reliability  and  costs.  These  ranged  from  the  conventional 
monopropellant  hydrazine  thrusters  to  more  sophisticated  electric  ion 
thrusters. 


SECTION  II 


APPROACH 

Tlu-  c  ansi  nut  ion  of  a  post- 1975  satellite  mission  model  was  Rased 
primarily  upon  existing  model  availability.  From  the  several  satellite 
models  postulated  for  geosynchronous  orbit,  the  Air  Force's  Space  and 
Missile  System  Organization  (SAMSO)  model  pertaining  to  the  class  of 
satellites  referred  to  as  "SYNCSATS"  was  chosen  as  the  framework  for  this 
study  (Reference  2).  SYNCSATS  pi  wide  for  a  wide  variety  of  commercial 
and  military  missions,  including  co  urmnicat ion  relays,  navigation  aids, 
and  meteorological  and  strategic  reconnaissance. 

So  that  a  large  variety  of  satellite  propulsion  systems  could  be  readily 
evaluated,  a  computer  program  (see  Appendix  A)  using  the  SYNCSAT 
mission  model  was  developed  to  calculate  total  propulsion  system  weight, 
propellant  tank  sizing  and  mission  total  impulse  requirements.  The  pro¬ 
gram  is  also  designed  to  size  and  weigh  the  satellite  cento  rbodo  and  solar 
panels  and  to  compute  the  available  on-board  electrical  power.  S6me  of 
Hie  SYNCSAT  parameters  which  may  be  varied  are  the  satellite  life,  initial 
gross  'weight,  initial  angular  momentum,  cento  rbody  bulk  density  and 
repositioning  rate. 

In  conjunction  with  the  weight  computer  program,  a  reliability  and 
<  ost  study  for  each  propulsion  system  design  was  undertaken.  Reliability 
data  were  extracted  from  a  recent  Jet  Propulsion  Laboratory  (JPL)  report 
(Reference  3)  which  arrived  at  quantitative  satellite  propulsion  component 
reliabilities  based  on  a  review  of  existing  reliability  studies  and  reported 
component  reliability  and  failure  rate  values.  Reliabilities  for  noncyclic 
•  omponents  were  based  on  a  1-year  mission  duration.  Improving  reliabil¬ 
ity  figures  through  the  use  of  redundancy  was  not  assessed  in  this  study. 

It  is  to  be  noted  that  a  quantitative  ranking  of  tnc  components  is  difficult 
since  reliability  numbers  for  propulsion  system  components  do  not  have 


3 


t!u*  extensive  statistical  failure  rate  data  typical  of  electronic  components. 

Do Vflopmcnt  cost  data  for  advanced  propulsion  systems  are  very 
difficult  to  obtain.  Moreover,  a  significant  portion  of  the  development  cost 
is  expended  for  flight  qualification.  This  dichotomy  between  development 
and  system  enginee ring  groups  compounds  the  total  cost  estimate.  Instead 
of  expending  many  hours  in  an  attempt  to  acquire  every  bit  of  cost  data,  a 
rough  cost  estimate  for  existing  propulsion  systems  was  undertaken  by 
using  available  figures  from  reported  development  and  flight  qualified  sys¬ 
tems.  Postulated  propulsion  system  costs  were  then  extrapolated  from 
these  existing  estimates.  Although  t lie  anticipated  monetary  inflationary 
rate  will  alter  cost  estimates  for  post- 1975  propulsion  systems,  the  figures 
used  for  this  study  are  based  on  1971  dollars.  In  addition  to  a  quantitative 
evaluation  of  system  weigh.,  reliability  and  cost,  other  tradeoff  areas  were 
qualitatively  evaluated.  These  included  plume  effects,  integration  problems, 
design  flexibility  and  ground  handling  requirements. 
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SECTION  III 


ANALYSIS 

A.  POST- 1975  SYNCSATS  MISSION  MODEL 
I.  Introduction 

One  of  the  most  useful  satellite  orbits  is  the  "earth -synchronous"  or 
"geosynchronous"  orbit,  i.e.,  a  circular  orbit  in  the  equatorial  plane 
with  an  orbital  period  of  one  sidereal  day.  A  satellite  placed  in  such  an 
orbit  will  (ideally)  remain  fixed  in  the  sky,  relative  to  an  observer  on 
the  earth.  The  orbital  characteristics  for  a  "geosynchronous"  orbit 
are: 


Semi-major  axis, 
Eccentricity, 
Inclination, 
Period, 


a  =  22 , 808.  5  nm 

€  =  0 

i  =  0 

P  =  24  hours 


The  class  of  satellites  having  the  above  orbital  parameters  are 
referred  to  as  "SYNCSATS,"  and  cover  a  wide  variety  of  useful  missions, 
both  commercial  and  military.  Many  of  these  missions  will  require 
extremely  close  pointing  accuracy  and/or  precise  stationkeeping.  Such 
requirements,  coupled  with  a  long  mission  duration,  tax  the  capabilities 
of  current  propulsion  technology. 


A  three-axis  active  attitude  control  system  (ACS)  was  chosen  for  the 
SYNCSAT  in  preference  to  spin-stabilized  or  gravity  gradient  systems. 

A  fully  stabilized  satellite  presents  the  most  demanding  propulsion 
requirements,  offers  a  significantly  higher  on-board  electrical  power 
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capacity  through  the  use  of  a  one -deg ree  -  of-f reedom,  sun-oriented 
solar  array,  and  can  meet  the  close  stationkeeping  and  tight  attitude 
control  specifications.  Furthermore,  the  three-axis  active  control  system 
does  not  demand  the  rapid  pulsing  capability  of  a  spin-stabilized  spacecraft 
and  thus  can  utilize  a  wider  range  of  propulsion  concepts. 

2.  Satellite  Geometry 

An  inertial  model  of  a  SYNCSAT  spacecraft  was  formulated  to  permit 
propulsion  system  sizing  and  power  allocation.  The  model  does  not 
represent  any  specific  design  in  this  family  of  prospective  SYNCSATS,  but 
merely  a  consistent  set  of  dimensions  and  inertias.  Geometrically,  the 
spacecraft  conterbody  may  assume  a  cylindrical,  spherical  or  rectangular 
shape.  The  one-degree-of-freedom,  articulated  solar  array  takes  the 
form  of  two  rectangular  solar  panels  symmetrically  deployed  on  either 
side  of  the  centerbody,  which  contains  the  remaining  equipment.  The 
spacecraft  configuration  is  shown  in  Figure  1.  This  figure  shows  the 
conterbody  as  a  cylinder.  The  spacecraft  model  incorporates  both  high- 
thrust  engines  of  5-pound  thrust  and  low  thrusters  of  less  than  1 -pound 
thrust. 

For  the  two  solar  panels,  an  ideal  specific  weight  is  required. 
Combining  this  figure  with  a  percent  life  degradation  factor  yields  an  array 
specific  weight.  A  specific  surface  area  must  also  be  assumed. 

To  arrive  at  dimensional  and  inertial  characteristics  for  the  model,  it 
was  first  necessary  to  size  the  solar  array.  The  assumed  available  on¬ 
board  power  can  be  given  as  a  function  of  initial  gross  weight  according  to 
the  equation: 

On- Board  Power  (w)  =  -400  +  1.25  x  Initial  Gross  Weight  (lb  ) 

b  m 

(III-  !  ) 
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Once  the  on-board  electric  power  is  known,  then  the  weight  and  size  of 
the  two  rectangular  solar  panels  to  supply  this  power  are  calculated. 
From  the  centerbody  weight,  density  and  L/D  configuration,  the  dimen¬ 
sions  of  the  centerbody  are  obtained.  Next,  calculated  moments  of 
inertia  for  the  three  principal  axes  are  developed. 

For  this  study,  the  following  design  information  was  used.  The 

initial  gross  weights  were  assumed  to  be  2000  lb  and  3000  lb  .  The 

m  m 

centerbody  assumed  a  cylindrical  shape  with  an  L/D  of  2:1.  Existing 
spacecraft  indicate  that  a  bulk  density  of  20  lb^/ft  is  representative 
for  the  centerbody.  The  solar  panels  were  taken  to  be  square  with  an 
ideal  specific  weight  of  88  lb^/kw.  The  percent  life  degradation  was 
80  percent  and  t'  j  solar  panels  were  assumed  to  have  a  specific  surface 
area  of  100  ft^/kw. 

For  the  two  initial  gross  weights  assumed,  Table  I  presents  space¬ 
craft  geometry  data. 


TABLE  I.  SATELLITE  MODEL  GEOMETRY 


Initial  Gross  Weight  (lb^) 

2000 

3000 

On-board  Electric  Power  (kw) 

2.  10 

3.  35 

Centerbody  Diameter  (feet) 

3.  833 

4.  375 

Centerbody  Length  (feet) 

7.  666 

8.  75 

Centerbody  Weight  (lb  ) 

1769. 0 

2631. 5 

Solar  Array  Area  (ft^) 

210.  0 

234.  8 

Side  of  One  Solar  Panel  (feet) 

10.  25 

12.  94 

z 

Maximum  Projected  Area  (ft  ) 

239.  4 

373.  3 

Moments  of  Inertia  (slug -ft  )  ^xx 

378.  3 

889.  3 

(Solar  Panels  Deployed)  j 

yy 

382.  2 

779.  0 

I 

zz 

800.  6 

1796. 8 

3.  Mission  Requirements 


With  the  model  spacecraft  established,  a  consistent  set  of  maneuver 
and  control  requirements  were  taken  from  Reference  2.  The  propulsive 
functions  involved  are  of  four  types: 

Initial  positioning 
Attitude  maintenance 
Station  maintenance 
Repositioning 

Propulsion  requirements  for  the  foregoing  maneuver  and  control  functions 
are  now  described  in  detail. 

a.  Initial  Positioning  (Injection  Error  Corrections) 

The  initial  positioning  errors  are  primarily  caused  by  the  launch 
vehicle.  Upon  separating  from  the  booster,  the  spacecraft  will  have  a 
residual  rate  (tumble)  in  each  axis  which  must  be  nulled.  It  will  also  have 
a  terminal  velocity  and  position  error  to  be  corrected.  Eccentricity 
and  inclination  errors  need  to  be  reduced  only  if  the  resulting  oscillation 
is  greater  than  the  allowable  deadband. 

Based  upon  existing  booster  performance,  a  AV  allowance  of 
50  ft/sec  for  position  and  velocity  error  correction,  and  a  1  deg/sec 
residual  rate  correction  in  each  axis  would  be  nominal.  For  this  study, 
the  inclination  and  eccentricity  errors  were  assumed  tolerable,  and  the 
total  impulse  required  to  correct  for  the  initial  tumble  in  all  three  axes 
was  taken  to  be  a  constant  value  of  23  lb^/sec  for  both  spacecraft 
weights . 
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b. 


Alti tude  Maintenance 


Attitude  m.iintenance  comprises  the  limit  cycling  within  some 
prescribed  deadband  and  the  correction  of  disturbance  torques.  The 
primary  emtributor  of  disturbance  torques  is  solar  pressure.  Assuming 
unit  reflectivity  and  normal  incidence,  the  total  corrective  impulse  which 
must  >e  supplied  to  the  spacecraft  in  t  years  is  (Reference  2): 


1  5.91  t 


Ib^.-  sec 


(III  -2 ) 


where:  Aj,  =  total  satellite  projected  arca^in  a  plane  normal  to 

tile  line  of  sight  to  the  sun  (ft  ) 


where  the  summation  is  carried  out  for  the  two  axes  involved.  Appropriate 
values  for  the  solar  CP-CG  offset,  X,  for  different  spacecraft  were  taken 
as  in  Reference  2: 


so  that  V  X  =  \  CP-CG  OFFSET  =  0.  35  in  all  cases. 

_  r  ^Moment  Arm 


The  impulse  involved  in  limit  cycling  depends  upon  a  number  of 
factors.  Maximum  propellant  consumption  occurs  in  a  symmetric 
(undisturbed)  limit  cycle.  Although  symmetric  limit  cycling  is  not  truly 
representative  fur  this  type  of  spacecraft,  the  conservatism  implicit  in 
such  an  assumption  does  not  significantly  distort  the  results  and  greatly 
simplifies  the  calculations.  The  primary  parameters  in  the  total  impulse 
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requirements  are  the  half-angle  of  the  deadband,  t,  and  the  size  of  the 

minimum  impulse  bit,  1^.  .  The  total  limit  cycle  impulse  delivered  in 

t  years  is  (Reference  2): 
m  ' 


1 


L 1  c 


t 

m 


6 


V  P4  ib,  -sec  (111-3) 

^  V  J  /  k  f 
k 


whe  re 

r  =  moment  arm  of  thruster  couple  (feet) 
J  r  polar  moment  of  inertia  (slug-ft  ) 


down  to  some  minimum  achievable  average  angular  rate,  9  .  ,  at  which 

n  m  l  n 

point  the  rate  limit  impulse  is  (Reference  2): 


m  i  n 


0 

min 


t 

m 


i, 


lbj-sec  (III -4) 


Deadband  angles  typically  range  from  0.  125  degree  in  coarse  mode 
control  to  _j_  0.  100  degree  in  fine  mode  control.  This  study  assumed  a 
minimum  achievable  average  angular  rate  of  2  x  10  deg/sec  and  the 
deadband  angle  of  t  0.  125  degree. 


lor  satellites  with  relatively  large  surface  areas  and  long  mission 
durations,  the  effects  of  micromcteoroid  bombardment  must  be  assessed. 
Using  probability  theory  based  on  the  possible  case,  Aerospace 
(Reference  2)  has  shown  that  the  predictable  impulse  for  micrometeoroid 
impact  correction  is  negligible.  The  unpredictable  impulse  requirement 
due  to  a  large  and  improbable  impact  must  be  provided  in  the  "contingency ’’ 
impulse. 


Other  disturbances,  such  as  torques  imparted  by  the  friction  in 
movin.i;  telescopes  or  antennae,  gravity  gradient  and  earth  magnetic  field 
torques,  and  coupling  of  translation  thrust  into  the  attitude  control  axes 
caused  by  thruster  misalignment  with  respect  either  to  the  spacecraft 
center  of  mass  or  to  each  other,  could  not  be  accurately  estimated 
without  a  more  detailed  and  sophisticated  model.  It  was  therefore  decided 
to  apply  a  generous  contingency  of  50  percent  to  the  total  of  solar  and 
limit  cycle  impulse  allocations.  Thus,  the  attitude  control  total  impulse 
.vas  assumed  to  be  (Reference  2): 


=  1.5 


+ 


lb^-sec 


(III- 5) 


c .  Station  Maintenance 

The  bulk  of  the  spacecraft's  propulsion  requirement  is  for  station- 
keeping.  A  real  earth  SYNCSAT  tends  to  drift  from  its  initial  position 
radially,  longitudinally  and  latitudinally  (cros s -track).  These  drifts  are 
caused  by  the  triaxiality  (asphericity )  of  the  earth  and  by  the  gravitational 
perturbations  due  to  the  sun  and  the  moon. 

At  synchronous  altitude,  the  observable  angular  deviation  due  'o  radial 
drift  is  negligible  in  any  foreseeable  mission.  Thus,  only  in-track 
(enst-'Aest)  and  cross-track  (north-south)  stationkeeping  are  required. 
Table  11  lists  the  major  perturbations  on  a  24-hour  equatorial  circular 
orbit  which  cannot  be  corrected  by  initial  injection  bias  (as  reported  in 
Reference  4). 
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TABLE  II.  GEOSYNCHRONOUS  ORBIT  PERTURBATIONS 


Perturbation  Cause 

Direction 

Pe  riod 

Displacement 

AV/yr 

Zonal  Harmonics 

- 

- 

- 

Tesseral  Harmonics 

In-track 

Secular 

t^  dependent 

7.  1  5 

Solar-Lunar 

Cross-track 

Secular 

5630  ft/duy 

1  50 

Solar  -Lunar 

In- track  (€  . ) 

i 

2  years 

H  14.8  nm 

- 

Solar-Lunar 

Cross-track  (6  ) 
c 

24  hours 

+  8.9  nm 

- 

A  zonal  harmonic  results  from  the  terms  in  the  gravitational  potential 
of  the  earth  that  are  dependent  on  latitude  only  and  are  therefore  symmet¬ 
rical  about  the  equator.  This  is  a  result  of  the  fact  that  the  earth  is  not 
a  perfect  sphere.  However,  drifts  caused  by  this  perturbation  may  be 
corrected  by  injection  bias.  Tesseral  harmonics  are  those  resulting 
from  the  aspherical  gravitation  field  or  inhomogeneous  mass  distributions 
of  the  earth.  Hence,  one  area  of  the  earth  will  have  a  greater  gravitational 
attraction  for  a  satellite  than  another  area.  These  areas  are  not  symmet¬ 
rical  about  the  equator  and  thus  produce  an  east-west  drift  upon  a  satellite. 
The  solar-lunar  perturbations  result  from  the  pull  of  the  sun  and  the  muon 
on  the  earth.  A  secular  perturbation  is  one  which  is  not  periodic  but  is 
a  constant  perturbation  dependent,  for  example,  on  the  time  in  orbit.  The 
periodic  solar -lunar  perturbations  need  not  lie  corrected  if  the  displace¬ 
ment  shown  is  acceptable. 

If  the  tolerable  drift  amplitude  for  stationkeeping  is  taken  to  lie  greater 

than  or  equal  to  the  periodic  perturbations  shown  in  Table  II,  i.  e.  , 

€.  214.8  nm  and  £  -8.9nm  (referred  to  as  the  critical  ellipsoid),  then 

i  c 

an  annual  AV  increment  of  about  157  ft/sec,  dominated  by  the  cross-track 

correction,  is  required.  However,  if  a  "fine'1  stalionkceping  mode, 

i.e.,6.  <14,8  nm  and  f  <8.9  nm,  is  desired,  the  value  for  AV  jumps  to 

1  c 
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about  <>35  ft/sLU'/yr,  This  study  will  only  consider  an  annual  AV  increment 
of  157  ft /sec  for  stationkeeping. 


To  account  for  c  nipling  of  thrust  into  the  attitude  control  axes  during 
the  attitude  maintenance  maneuvers,  3  percent  of  the  stationkeeping  total - 
impulse  requirement  was  allotted  for  this  purpose.  Thus,  the  attitude 
maintenance  total  impulse  was  taken  as  (Reference  2): 


am 


1.  03 


lb^- sec 


(HI -6) 


d.  Repos  itioning 

Post-  1975  SYNCSATS  must  be  capable  of  covering  any  global  region. 
Phis  implies  that  the  satellite  has  the  capability  to  perform  transfers  of 
up  to  180  degrees  in  longitude.  For  any  given  satellite  thrust-to -weight 
ratio  and  change  in  satellite  longitudinal  position,  a  minimum  time  for 
repositioning  can  be  determined.  The  velocity  increment  required  is  a 
function  only  of  the  repositioning  rate.  The  total  AV  required  per  repo¬ 
sition  is  given  by  the  following  equation: 


A  P 

rep 


2  V 
_ o 

3 


AP 

P 


(HI-7) 


V  =  nominal  orbital  velocity  (ft/sec) 

P  =  orbital  period  (deg/day) 

A  P  =  repositioning  rate  (deg/day) 


For  ihe  mission  study  of  this  report,  a  one-time  satellite  repositioning 
maneuver  was  ass  umed  to  be  representative  for  a  post-  1975  SYNCSAT, 
and  repositioning  rate  of  15  deg/day  was  used.  The  total  AV  _  required 
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The  most  efficient  method  for  repositioning  is  to  place  the  satellite 
into  an  orbit  with  a  period  greater  or  less  than  24  hours,  causing  a 
westward  or  eastward,  respectively,  drift.  For  example,  the  drift  is 
15  deg/day  for  an  orbit  with  a  2  5-hour  period  and  requires  a  AV  expen¬ 
diture  of  approximately  280  ft/sec  for  both  high-  and  low-thrust  devices. 
Using  this  technique,  repositioning  requires  from  a  few  days  to  approxi¬ 
mately  2  weeks. 

A  summary  of  the  mission  requirements  used  in  this  study  is  given 
in  Table  III. 


TABLE  III.  MISSION  REQUIREMENTS 


Function 

AV  Requirement 

ACS  Requirement 

Initial  Positioning 

Position/  Velocity 

50  ft/sec 

Error 

Tip-off  Rate,  Each 

2  3  lbj.  -  se  c 

of  Three  Axes 

Stationkeeping 

157  ft/sec/yr 

Attitude  Maintenance 

(E-W/N-S  of  8.  9  x  15  nm) 

+  0,  1 25  -  degree  , 

deadband,  2  x  10 
deg /sec  average 
rate 

Repositioning 

280  ft/sec 

B .  SYNCSAT  PROPULSION  SYSTEMS 

Sixteen  different  combinations  of  high  and  low  thrusters  were  incor¬ 
porated  into  the  spacecraft  model  and  evaluated.  The  high-thrust  engines 
were  5  pounds  and  the  low  thrusters  were  less  than  1  pound.  The  large 
thrusters  were  used  for  initial  positioning  and  repositioning,  while  attitude 
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maintenance  was  performed  with  the  small  thruster.  The  thruster 
(i.e.  ,  large  or  small)  which  had  the  highest  performance  was  used  for 
stationkeeping . 


A  listing  of  the  16  propulsion  systems  evaluated  is  presented  below: 


5  lb 

£  Thruster 

Small  Thruster 

1. 

NpH^  Catalytic 

Catalytic 

2. 

N  .  11  ,  Catalytic 

N_H  Plenum 
c  4 

3. 

N  H  ,  Catalytic 

L-,  • 

Electrolytic 

4. 

N  ;  H  .  Catalytic 

Resistojet 

5. 

N  ,1 1  j  C.italytic 

Radioisotope 

N  ,  1 1  ^  ( '.atalytic 

DART 

7. 

N^l  L  ^  <  atalytic 

Cesium  Ion 

H. 

N  ,11  ^  Ca'alytic 

Colloid 

«). 

X  ,  I  {  ^  Catalytic 

Hg  Pulsed  Plasma 

1  0. 

1  K  )  H adioisutope 

DO  Radioisotope 

1  1. 

IK  )  I< adioisotope 

Colloid 

12. 

11/)  I\ 1  ect  r  »ly sis 
llipr  ipidlant 

HO  Electrolysis  Bipropellant 

1  i. 

11/)  If. lec toly sis 
Bipropellant 

Colloid 

I  boxy  am  ini' 


lb 


5  lb 

^  Thruster 

Small  Thruster 

14. 

n2°4/n2h4 

Bipropel- 

N^H^  Plenum 

lant 

15. 

cif5/n2h4 

Bipr<  pel- 

N_II  .  Plenum 

L.  4 

lant 

16. 

DART 

DART 

The  following  subsections  provide  a  conceptual  design  schematic  for 
each  of  the  16  propulsion  systems.  System  description  and  performance 
data  are  also  included. 

1.  Hydrazine  Catalytic/Hydrazine  Catalytic 

The  development  of  the  Shell  405  catalyst  in  1963  permitted  the  design 
of  hydrazine  thrusters  capable  of  a  large  number  of  restarts  without 
requiring  the  use  of  catalyst  bed  heaters  or  an  oxidizer  injection  system 
for  initiation  of  hydrazine  decomposition.  Since  then,  monopropel  l.mt 
hydrazine  thrusters  have  become  the  "standard"  spacecraft  propulsi  in 
system  for  missions  which  do  not  have  stringent  orientation  requirt 
and  are  not  marginal  or.  weight.  Hydrazine  has  excellent  st  irnhiliU  .  md 
compatibility  with  most  engineering  materials  and  is  vapabli  .1  i  .m  •. 
pulse  operation. 

a.  5-lb^  Thruster 

Steady-slate  performance  for  the  5-pound  hydrazine  thruster, 
such  as  in  Figure  2,  was  based  upon  55  percent  dissociation,  >n  .m 

area  ratio  of  40:1  and  upon  97  percent  engine  efficiency,  giving  2  <0  set  mds 
of  delivered  specific  impulse.  This  performance  represents  nearly  the 
maximum  achievable  with  hydrazine.  Some  hydrazine  thrusters  have 
demonstrated  steady-state  firings  exceeding  2  hours.  The  only  requin  d 
power  is  that  necessary  to  operate  the  propellant  valves.  However,  ii, 
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certain  installations,  the  low  freezing  point  of  hydrazine  (33°F) 
necessitates  the  incorporation  of  a  2-  to  10-watt  heater  oneach  thruster. 

b.  0.  l-lbf  Thruster 

Pulse-mode  performance  of  the  small  thruster  was  based  upon  the 
same  assumptions  as  those  for  the  large  thruster.  Assuming  that 

heaters  would  be  used  on  the  catalyst  pack  to  maintain  temperature  above 

o  3 

60  F,  and  using  a  minimum  impulse  bit  of  4  x  10  lb-sec,  a  specific 

impulse  of  200  seconds  is  achievable.  Although  no  flight-qualified 
0.  1  -lb^  thrusters  have  been  built,  a  present  NASA/Goddard  development 
effort  for  the  Applied  Technology  Satellites  (ATS),  Models  F  &  G,  will 
provide  this  technology.  Hydrazine  thrusters  have  demonstrated 
pulsing  capability  on  the  order  of  1 -million  hot  starts.  Several  thousand 
cold  starts  should  be  realizable  without  significant  performance  degra¬ 
dation.  (Reference  3). 

c.  System  Schematic 

Figure  3  shows  the  system  schematic. 

2.  N^H  ^  Catalytic /N^H ^  Plenum 

This  hybrid  propulsion  system  is  a  modification  of  the  all-hydrazine 
catalytic  system.  Hydrazine  plenum  systems  have  been  developed  and 
flight  qualified  by  Rocket  Research  Corporation  and  TRW  Systems.  For 
this  design,  the  low-level  thrusters  are  supplied  gas  from  a  single 
catalytic  hydrazine  gas  generator  which  feeds  an  accumulator  or  plenum. 
The  only  system  problem  encountered  with  this  hybrid  system  lias  been 
that  of  maintaining  a  cool  plenum  temperature  during  a  long  pulse  duty 
cycle  (Reference  3). 
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Fill  Valve 


^  LARGE  THRUSTER 


SMALL  THRUSTER  A 


0.  25 
0.20 
0.  20 
0.  20 
0.  3 

0.  25 
0.  40 
0.  40 
0.  40 
1. 00 


6.4 
4.  8 

14.  80 


igurc  3. 


System  Schematic  for  Catalytic  -  Catalytic 


a. 


5-_lbf  Thruster 

The  large  hydrazine  catalytic  thruster  is  identical  to  that  described 
in  Section  III.B.  1.  All  performance  numbers  remain  unchanged. 

b.  0.  050-lb^  Plenum  Thrusters 

The  catalytic  hydrazine  gas  generator  uses  Shell  405  catalyst  and 

feeds  a  plenum  tank  having  a  nominal  35-psia  pressure.  Specific  impulse 

for  the  50-millipound  thrusters’is  taken  to  be  a  constant  110  seconds 

for  this  study.  Actual  performance  data  for  an  cold  gas  plenum 

varies  between  95  and  110  seconds  depending  upon  the  gas  temperature. 

If  individual  heaters  are  used  on  all  low-level  thrusters,  then  the 

specific  impulse  will  vary  between  114  and  132  seconds,  again  depending 

-4 

upon  the  plenum  gas  temperature.  A  minimum  impulse  bit  of  5  x  10 
lbj.-sec  was  used. 

c.  System  Schematic 

Figure  4  shows  the  system  schematic. 

3.  Catalytic/N^H^  Electrolytic  Ignition 

The  search  for  an  efficient  method  of  initiating  and  continuing  the 
decomposition  of  hydrazine  without  the  use  of  a  scarce  catalyst  has  led 
researchers  to  the  concept  of  electrolytic  ignition.  The  Air  Force 
Rocket  Propulsion  Laboratory  (AFRPL)  first  determined  the  feasibility 
of  this  approach  through  a  contractual  program  with  the  Dynamic  Science 
Corporation  in  1969-1970  (Contract  F0461 1-69-C-0048,  Final  Report 
AFRPL-TR-69-247).  Presently,  the  United  Aircraft  Corporation  Research 
Laboratory  is  under  contract  (F0461  1-70-C- 0070)  to  AFRPL  for  develop¬ 
ment  of  an  electrolytic  ignition  cell  for  use  in  a  0.  1-lb^  thruster. 
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Weight 
(pounds  ) 


Fill  Valve  0.  2  5 

Transducer  0.2  0 

Solenoid  0.  20 

Filter  0.  20 

Regulator  0.  30 

Fill  Valve  0.25 

Solenoid  (2)  0.40 

Transducer  (2)  0.40 

Filter  0.2  0 

Control  Valve  0.  40 

Pressure  Switch  0.25 

Gas  Generator(GG)  0.  35 

Plenum  0.  3  0 

Filter  0.20 

Lines  1.  0 


Thruste  rs 

Large  8(0.8)  =  6.4 

Small  12(0.4)  =  4.8 

Total  W  ei  ght  I  6  .  1 


Figure  4.  System  Schematic  for  Catalytic- GG  Plenum 
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Fabrication  anc!  testing  of  this  cell  have  not  yet  begun.  Since  no  test  data 
are  available,  all  performance  numbers  are  to  be  considered  as  "best” 
estimates  and  will  have  to  be  revised  in  the  future. 

a.  5-lbj.  Thruster 

The  large  hydrazine  catalytic  thruster  is  identical  to  that  described 
in  Section  III.B.  1.  All  performance  numbers  remain  the  same. 

b.  0.  1-lbj.  Thruster 

This  study  postulates  a  0.  l-lb^.  hydrazine  electrolytic  ignition 

thruster  having  a  pulse  mode  specific  impulse  of  Isp  =  220  seconds  and 

_  3 

a  minimum  impulse  bit  of  5  x  10  lb^.-sec.  This  size  of  low-level 
thruster  will  require  approximately  15  watts  of  electrical  power  excluding 
that  required  for  the  valve.  No  life  or  reliability  data  are  available. 

c.  System  Schematic 

The  system  schematic  is  shown  in  Figure  5. 

4.  N 2 H ^  Cataly tic/N, H  ^  Resistojet 

The  hydrazine  resistojet  has  been  under  development  by  both  AVCO 
(NAS  5-21080)  and  TRW.  AVCO  has  built  and  tested  a  number  of  proto¬ 
type  thrusters  for  NASA/Goddard  Space  Flight  Center  using  a  porous 
ceramic  injector  configuration.  Test  data  have  shown  that  Isp  is 
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a  strong  function  of  thrust  level  (N0H  flow  rate),  so  that  the  designer 

L  4 

must  be  careful  of  his  performance  numbers.  AVCO  prototype  data 
are: 


Thrust  (lb^.) 

/  lb  .-sec  \ 

Isp  ( -,H 

m 

-3 

2.4  x  10 

120 

4.6  x  10'3 

155 

7.  1  x  10‘3 

177 

9.5  x  10'3 

190 

12.0  x  10-3 

200 

14.4  x  10"3 

206 

16.8  x  10“3 

210 

_ 1 

Specific  power  for  the  AVCO  prototype  thruster  is  approximately 
2  W/mlb^  (10  mlb^.).  TRW  has  completed  the  preliminary  development 
of  a  0.  01 -lb^-thrust  hydrazine  resistojet  thruster  for  both  pulsed  and 
steady-state  operation.  Reproducible  impulse  bits  based  upon  pulse 
widths  as  short  as  2  0  milliseconds  have  been  demonstrated. 

The  pulsed  mode  specific  impulse  is  180  seconds;  steady-stale 
operation  results  in  a  delivered  specific  impulse  of  200  seconds.  The 
total  power  input  for  a  0.  010-lb^  thrust  system  is  less  than  5  walls, 
excluding  the  valve  power. 
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a  .  ^  - 1  b  Minister 

The  Larue  hyd razine  eatalytic  thruster  is  identical  to  that  described 
in  Section  III.lt.  L . 

I).  0.  OSO-lh  Th r us  te  r 

Contractor  in-house  programs  have  arrived  at  a  new  wall  injection 
prototype  thruster  design  incorporating  a  spiral-wound  heater  element 
(Figure  (>).  This  thruster  lias  a  moderately  high  chamber  pressure  of 
8.  5  atmospheres  and  delivers  235  seconds  of  steady-state  specific 
impulse.  The  hydrazine  resistojet  can  be  pulsed  as  low  as  50  milli¬ 
seconds  and  deliver  an  average  of  190  seconds  Isp.  These  values  yield 
a  minimum  impulse  bit  of  2.5  x  10  lb^-sec.  The  new  prototype  thruster 
requires  5  watts  for  approximately  1  minute  prior  to  ignition.  This 
electrical  input  raises  the  wall  temperature  to  1000°F. 

c .  System  Schematic 

The  system  schematic  is  shown  in  Figure  7. 

5.  > LI 4  Nataly  tic/N,H^  Radioisotope 

Both  General  Electric  Company  and  TRW  have  developed  radioisotope 
thrusters  using  either  or  as  the  propellant.  Very  little  technology 

has  been  expended  on  a  hydrazine  radioisotope  thruster.  Since  N9H 

4 

decomposes  exothe  rmally,  the  isotope  power  required  is  considerably 
reduced  fr  >m  that  of  an  ammonia  radioisotope  thruster.  Therefore, 
thruster  inert  weight  and  power  required  will  be  less  for  the  hydrazine 
system.  I'o  achieve  long  Life,  capsule  temperatures  will  be  2000°F  or 
less.  The  design  of  such  a  thruster  will  be  very  similar  to  the  DART 
system  in  that  there  is  a  radioisotope,  re-entry  heat  shield,  propellant 
flow  tubes,  and  thermal  insulation  (Figure  8). 
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Figure  7. 


System  Schematic  for  N?H  Catalytic-N?H  ,  Resistojet 


a.  5 -  lb ^  Thruster 

The  large  hydrazine  catalytic  thruster  is  identical  to  that 
described  in  Section  III,  B.  1. 

b.  0.  025-lb^.  Thruster 

For  a  thrust  level  of  25  millipounds,  a  minimum  impulse  bit 

.4 

of  5  x  1  (J  lb^-sec  was  used  for  limit  cycling.  Pulse  mode  specific 
impulse  was  taken  to  be  250  seconds  on  the  basis  of  a  capsule  temperature 
of  2000  JF.  (Steady- state  Isp  is  220  seconds.  )  A  vented  capsule  will  be 
required  to  achieve  the  10-year  life  requirement. 

c.  Conceptual  Schematic 

Figure  9  shows  the  conceptual  schematic. 

6.  J^Hq  Catalytic  /  DART 

The  decomposed  ammonia  radioisotope  thruster  (DART)  has  been 
under  AFRPL-sponsored  development  with  TRW  since  1965  (AF04(6ll)- 
1  1  536).  A  DART  prototype  thruster  was  demonstrated  at  the  AEC  Mound 
Laboratory  in  January  1967.  An  advanced  DART  prototype  has  been 
designed  by  the  Los  Alamos  Scientific  Laboratories  and  is  presently 
undergoing  evaluation.  Since  1969,  DART  has  been  a  part  of  the  SAMSO 
ADP  for  Advanced  Satellite  Propulsion,  and  a  current  $50,  000  study  is 
concerned  with  problems  associated  with  spacecraft  integration. 

a.  5  -lbj.  Th  rus  te  r 

The  large  hydrazine  catalytic  thruster  is  identical  to  that 
described  in  Section  111.  13.  1. 


30 


U.  CD 


Fill  Valve 
Transduce r 
Solenoid 
Filter 
Regulato  r 

Fill  Valve 
Solenoid  (2) 
Transducer  (2) 
Filter  (2) 

Lines 

Thrusters 

Large  8(0.8) 
Small  12(1.  5 ) 

Total  Weight 


SMALL  Sc* 
THRUSTER  LS 


0.  20 
0.  2  0 
0.  20 
0.  30 

0.  25 
0.  40 
0.  40 
0.  4C 
1.  0C 


6.  4C 
18.  0C 

28.  0( 


Figure  9.  System  Schematic  for  N2H4  Catalytic  -  Radioisotope 
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I).  0 .  02 5 - lb^.  Thruster 

Performance  for  DART  was  based  upon  a  capsule  temperature 

of  2500°F.  For  a  thrust  Level  of  2 5  millipounds,  a  minimum  impulse  bit 
-4 

of  5  x  10  lb  -sec  was  used  for  this  study.  Specific  impulse  numbers  are 
310  seconds  pulsed,  and  280  seconds  at  s teady- state. 

c .  Design  and  Conceptual  Schematic 

Figure  10  shows  the  thruster  design  and  Figure  11  is  the 
conceptual  schematic. 


7.  N  II  Calaly tic/Cesium  Bombardment  Ion 
— 2  —4  — - - - 

The  electron  bombardment  engine  uses  an  anode-cathode  arrange¬ 
ment  to  ionize  a  propellant  such  as  mercury  or  cesium.  The  ions  are 
accelerated  in  an  electrostatic  field  and  neutralized  as  they  are  emitted  to 
avoid  the  limitations  of  space  charge  flow  (Figure  12).  While  the  ionization 
potential  for  cesium  is  less  than  that  of  mercury,  the  cross  section  for 
elect  ron-atom  interactions  for  mercury  is  greater  than  for  cesium.  The 
result  is  that  both  propellants  are  equally  easy  to  ionize. 

NASA/Lewis  Research  Center  mercury  bombardment  thrusters 
(Kaufman  thrusters)  have  flown  on  SERT-I  and  SERT-1I  satellites.  An 
Elect  rical  Opt  it  al  Systems  (EOS)  cesium  bombardment  ion  engine  has  been 
tested  as  an  experiment  aboard  an  Air  Force  satellite.  Cesium  is  easily 
handled  by  passive  zero-g  feed  systems  (Figure  13)  and  has  a  high  mass 
utilization  efficiency  as  long  as  the  cesium  is  kept  above  its  freezing  point. 
Due  to  long  start  and  shutdown  transients,  high-frequency  pulsing  is  not 
practiial  for  the  ion  engine.  Also,  power  requirements  are  extremely 
sensitive  to  thrust  and  range  from  15  watts  at  10  p-lb^  to  1300  watts  at 
1  0  mlb  .  thrust . 
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- — 3 
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a.  5-lbj  Thru  ate  r 


The  large  hydrazine  catalytic  thruster  is  identic,  tl  to  that 
described  in  Section  111.  B.  1. 

b.  0,  00  1  -lb^.  Th rus !  e  r 

The  1  -millipound  thrust  size  for  the  low-level  thruster  was 

chosen  to  keep  the  power  requirements  around  1  HO  watts.  Although  l-.'O.S 

life-tested  two  8- millipound  bombardment  ion  thrusters,  their  power 

consumption  was  on  the  order  of  1  kilowatt.  For  a  I  -  millipound  thruster 

and  150  watts  power,  a  specific  impulse  of  3000  seconds  is  projected.  A 

_  3 

minimum  impulse  bit  of  1  x  10  lb^-sec  was  considered  reasonable, 
based  on  a  1-seconcl  minimum  pulse  width.  (The  above  performance  goals 
were  obtained  from  Dr.  Fritz,  AFA  PL/ POP- Z  of  the  Air  Force  Aero 
Propulsion  Laboratory.  ) 

c.  Conceptual  Schematic 

Figure  14  shows  the  conceptual  schematic. 

8 .  _N ^ H ^  Catalyti c  / Coll o id 

The  basis  for  the  colloid  engine  (Figures  14  and  I  *  *  t  is  an  electri¬ 
cally  conducting  propellant  subjected  to  a  high  electric  field  e  stablishcd 
between  the  propellant  and  an  extractor  electrode.  The-  extrac  tor  elec  trodc 
has  historically  been  a  small-diameter  (4-mil  bore)  capillary  needle,  but 
recent  development  effort  has  been  expended  on  a  linear  slit  geometry 
electrode  version.  Once  the  elite)  rode  field  is  established,  lie  1  I  emission 

l  ) 

ionization  of  small-diameter  (IDO  A)  droplets  occurs  at  the  needle  tip  or 
linear  slit.  The  same  field  which  produces  ionization  also  ae  e  derates  the 
charged  droplets  to  produce  thrust.  Since  the  charged  droplets  may  la- 
positive  or  negative  depending  on  the  polarity  of  the  pole  ntial  applied  to 
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the  needles,  a  neutralizer  is  nn  rss.try  to  in’iii  I'alizc  i*ir  Ik  liiii.  I  i ■  <  i  .1 
of  the  charged  droplets  are-  generally  greater  than  tin-  < » 1  ions 

produced  in  ion  engines. 

Although  tile  colloid  engine  is  degraded  by  tin-  randomness  it  tt  < 
particle  formation  and  the  manner  ni  i  elm  ing  tin-  •  h.trgi  ,  it  ah.n<  ,  at  1 1 . ■ 
electrostatic  engines,  lias  the  most  eith  ieii'  lormatton  ol  .  hare-  1  >arti.  1«-  . 

The  most  successful  tolloid  engine  work  lias  luvit  perloin.i  :  u\ 
TRW  Systems  for  the  Air  lrum-  Aero  I'mpi.l  sion  1  .abo  ra  1 01  y  (AI-'Ai'l.i. 
TRW  built  a  Colloid  Microthruster  Experiment  ((  Ml  1  lor  the  AI-'A  PI.  in 
support  of  the  DODGE-11  satellite,  whit  h  was  1  .tin  idled.  T  he  (All  tlignt 
hardware  was  subsequently  tested  for  Itxui  hours  during  I9up. 

Since  1969,  the  TRW  tolloid  thruster  I  1  as  been  part  ol  tin  NA!  l.St; 
ADP  for  Advanced  Satellite  Propulsion.  1 11  l)e.  ember  197(1,  I  HW  was 
awarded  a  56-month  contract  by  SAMSO  for  development  of  a  !-milli  .ound- 
thrust  colloid  thruster.  Tlte  thruster,  resembling  .1  I  < > -  in.  Ii  .  uIm-  with 
12  individual  thrusting  modules,  will  weigh  about  2u  pounds  and  tarry  son.i 
25  pounds  of  propellant,  mainly  glyi  erol  with  sodium  iodide.  At  tl. 
1-millipound  thrust  level,  the  eolloid  engine  will  have  a  sne.  i  1  i .  m.  mis. 
of  1500  seconds  and  deliver  about  15, turn  U>  ■  set  of  total  impulse.  I  i . . 
contract  calls  for  ground  testing  of  thin-,  flight  qualified  thrusti  r.->  for 
1 0,  000  hours  and  deli  very  of  t  hr  re  sy  st  ems  for  satellite  tliciit  tt  sting  to 
provide  satellite  stationkeeping  fe  ••  7  y.a’  s. 

a.  5-  lhj.  Tl)  rust  e  r 

The  large  hydrazine  eatalytii  thruster  is  iilentit.il  to  t  ,nt 
described  in  Section  III.  15.  1  . 
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0.  00  1  -JL^.  T  h  ruste  r 


The  (.urn  nl  SAMSO  ADP  for  colloid  propulsion  was  used  to 
obtain  propulsion  system  characteristics.  For  this  study,  thrust  level 
was  1  mi  Hi  pound,  isp  was  1500  seconds  and  minimum  impulse  bit  was 
I  \  10  1  Ib^-sec.  The  propellant  is  20  percent  Nal  and  80  percent  glycerol 
(pe  in  out  by  weight  I. 

A  lightweight  and  reliable  feed  system  remains  the  largest 
development  effort.  No  pulse  tests  have  been  performed  on  the  linear 
slit  to  date.  The  needle  has  been  pulsed  between  I  and  3  pulses/sec  in 
duty  cycles  of  10  and  30  percent.  Although  the  low  power  required 
(70  watts)  for  the  colloid  thruster  is  favorable,  the  linear  slit  requires 
between  1-1  and  16  kilovolts  for  operation  and  is  the  weak  point  in  the 
system. 


v  .  Conceptual  .Schematic 

Figure  17  shows  the  conceptual  schematic. 

9.  N  ,  1 1  ^  Catalytic  / 1  Ig  Pulsed  Plasma 

Although  several  types  of  pulsed  plasma  thrusters  have  been 
undergoing  exploratory  development  (Figure  18),  only  the  pulsed  vacuum 
arc  thruster  (Figure  19)  being  developed  by  Cornell  Aeronautical 
Laboratories  uses  a  liquid  propellant  (mercury)  which  permits  this  sys¬ 
tem  to  achieve  a  total  impulse  level  required  for  a  SYNCSAT  (USAF 
Contract  No.  F  3  36  1  5- 67- C  -  1  5  79,  Report  AFAPL-TR -68- 92).  The  general 
mode  of  operation  is  for  mercury  to  be  ionized  by  a  high-voltage  discharge 
and  accelerated  by  the  interaction  of  the  discharge  current  with  its  own 
magnetic  field.  Tin-  PVAT  produces  only  discrete  impulses,  the  effective 
"thrust"  being  governed  by  the  size  of  these  impulse  bits  and  the  repetition 
rale.  Typical  impulse-per- pulse  figures  range  from  10  to  10  lb^.-sec 
while  repetition  rates  from  zero  to  50  pulses/sec  are  readily  attainable. 
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Lifetimes  up  to  <>  *  10  pulses  have  been  demonstrated  on  several  pulsed 

vacuum  arc  thrusters  (l’VATs).  To  date,  the  mercury- cathode  PVAT, 

5 

however,  has  been  run  lor  only  about  4  x  10  pulses  because  of  feed  system 
p  roblems . 

a.  5 -lb  Thruster 

Performance  for  the  thruster  was  Isp  =  230  seconds 

steady-state  vacuum.  All  members  are  identical  to  those  previously  used 
in  Sect  ion  1 1 1.  13,  1  . 

b.  0.  0000  1 -lb^  Thruster 

Data  used  in  this  study  were  based  on  the  PVAT  being  devel¬ 
oped  by  Cornell  Aeronautical  Laboratories.  This  study  used  a  thrust 
level  of  10  micropounds  force,  a  specific  impulse  of  1500  seconds  and  a 
minimum  impulse  bit  of  5  x  10  ^  lb^-sec. 

The  PVAT  still  needs  considerable  development  in  the  feed 
system  area  and  more  life  testing  of  an  integrated  system.  For  the 
SYNCSAT,  power  r  quirements  are  on  the  order  of  100  watts  for  each 
PVAT. 

c.  Conceptual  Schematic 

Figure  20  shows  the  conceptual  schematic. 

10.  DO  Radioisotope/ DO  R adioisotope 

DO  (dioxyamine)  is  a  new  type  of  monopropellant  presently  being 
characterized  by  the  AFRPL.  Because  of  the  high  (2600  ’F)  equilibrium 
flame  temperature  of  DO,  it  is  difficult  to  project  the  early  development 
of  a  catalyst  and  substrate  to  decompose  DO.  For  this  reason,  a  radioiso¬ 
tope  capsule  is  envisioned  as  the  ignition  scheme  to  initiate  thermal 
decomposition  for  the  purposes  of  this  study. 
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Tlu;  AFRPL  pi; rfo rmancu  calculation  computer  code  (ODIE)  was 
used  to  calculate  a  theoretical  altitude  performance  number  for  DO  using 
a  combustion  chamber  pressure  of  100  psia,  a  nozzle  expansion  ratio  of 
i  40  and  a  55  percent  N 1 1 ^  dissociation.  These  inputs  gave  a  theoretical 
steady-slate  altitude  specific  impulse  of  283  seconds.  Using  a  94  percent 
efficiency  factor,  a  realizable  specific  impulse  of  265  seconds  might  be 
obt  a  inecl. 


a.  5-lbj.  Thrustt  ^ 

Steady-slate  performance  for  the  5-pound  DO  thruster  was 
taken  as  265  seconds,  as  mentioned  above.  This  number  is  based  on 
94  percent  engine  efficiency  and  is  a  "best"  estimate.  No  engine  data  are 
ava'  fable. 

I;.  0.  02 5- lb^.  Thruster 

For  the  25-millipound  thruster,  a  minimum  impulse  bit  of 
-4 

5  x  10  lb^-sec  was  assumed,  based  on  the  DART  ADP  goals.  Pulse 
mode  performance  is  Isp  =  238  seconds  based  on  a  capsule  temperature 
of  2500  ’F.  No  test  data  are  available. 

c.  Conceptual  .Schematic 

Figure  2  1  shows  the  conceptual  schematic. 

II.  DO  Radioisotope /Colloid 

This  is  a  hybrid  propulsion  system  comprised  of  two  previously 
described  units.  A  radioisotope  thermal  decomposition  ignition  system 
is  postulated  for  the  5-lb^  DO  thruster.  The  colloid  thruster  is  of 
l-millipound  thrust  with  performance  numbers  as  described  in  the  SAMSO 
ADP  for  the  Nal  plus  glycerol  colloid  propulsion  development  effort. 
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Figure  21.  System  Schematic  for  DO-DO 


a.  5-  lb  ,  Thruster 

Tlie  large  DO  radioisotope  1.  istor  is  identical  to  that 
desc  ribed  in  Section  111.  li .  10. 

I).  ti.  00  1  -lb^.  Thruster 

The  small  colloid  thruster  is  identical  to  that  described  in 
Section  III,  H.  8, 

c.  System  Schematic 

Figure  ZZ  shows  the  system  schematic. 

Id.  11,0  Elect rolysis/ 1 1^0  Electrolysis 

The  water  electrolysis  propulsion  system  employs  liquid  water 
as  the  propellant  in  the  storage  mode  and  gaseous  hydrogen  and  oxygen  for 
the  bipropellant  rocket  thrusters.  A  zero-g  water  electrolysis  unit  provides 
the  separated  gases  for  the  engine.  This  scheme  permits  storing  liquid 
water  at  low  pressure  and  reduces  the  total  system  weight  in  this  manner. 

A  recent  AFRPL  contract  (F046  1  1  -  71 -C- 0055)  to  the  Marquardt  Corporation 
provides  for  the  development  and  testing  of  a  bipropellant  5-lb^  thruster 
and  a  bipropellanl  0.  I  -  lb  thruster  using  gaseous  hydrogen  and  oxygen. 
General  Electric  is  the  subcontractor  for  the  zero-g  water  electrolysis 
unit.  Twenty  watts  of  continuous  power  arc  required. 

a.  5-lbj.  Thruster 

Steady- state  performance  for  the  large  5-lb^.  GIl^/GO^ 
engine  (Figure  Zi)  was  based  on  Marquardt  prototype  test  data.  This 
number  is  lsp  350  seconds  with  a  thrust  coefficient  equal  to  1.6.  A 
pulsing  performance  of  lsp  310  seconds  was  assumed  for  this  thruster. 

Gil  ,/GO,  thrusters  provide  high  performance  and  highly  reproducible 
pulses . 
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Figure  22. 


System  Schematic  for  DO-Colloid 
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Figure  23. 


Water  Electrolysis  Bipropellant  Thruster 


b.  _0_.  1  -lb^  Thruster 

The  small  thruster  pulse  mode  Isp  was  assumed  to  be 

280  seconds.  Using  a  25-millisecond  pulse  width,  a  minimum  impulse 

_  3 

bit  of  2.  5  x  10  lb^-sec  was  taken.  Steady- state  performance  for  the 
0.1-lb^  thruster  was  assumed  to  be  Isp  =310  seconds. 

In  general,  this  system  lacks  feed  system  and  integration 
testing.  System  weight  reduction  is  at  the  expense  of  system  complexity. 

A  high  system  reliability  must  be  demonstrated  early  in  its  development. 

c .  Conceptual  Schematic 

Figure  24  shows  the  conceptual  schematic. 

13.  H^O  Electrolysis/Colloid 

This  hybrid  propulsion  system  is  designed  to  provide  a  high- 
performance  chemical  rocket  engine  with  electrical  colloid  thruster.  Both 
units  have  been  described  previously. 

a.  5-lb^  Thruster 

The  large  GH^/GO^  bipropellanl  thruster  is  identical  to  the 
water  electrolysis  system  described  in  Section  JJ1.B.  12. 

b.  0.  00 1  -lb^  Thruster 

The  small  colloid  thruster  is  identical  to  that  described  in 
Section  III.  B.  8. 

c.  Conceptual  Schematic 

The  conceptual  schematic  is  shown  in  Figure  2  5. 
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Figure  25.  System  Schematic  for  ll„,0-Colloid 


14.  N-jQ  Bipropellant/N^H^  GG  Plenum 

Although  a  5 - lb^  bipropellant  thruster  using  and  hydrazine 

has  not  yet  been  developed,  a  large  number  of  5-lb  engines  using  N  O,/ 

1  Cj  tt 

MiYIH  and  N^O^/50  percent  N^H^-SO  percent  UDMH  have  been  built  and 
tested.  This  system  is  designed  to  use  the  common  hydrazine  tank  for 
both  the  high  and  low  thrusters,  thereby  providing  for  simplicity  and  weight 
reduction.  The  earth  storable  bipropellants  are  well  defined  in  terms  of 
properties  and  characteristics.  The  only  required  power  is  that  needed 
to  operate  the  propellant  valves. 

a.  5  -  lb  Thruster 

Since  no  5-lb,  thrust  N00  .  /N0H  ,  test  data  were  available, 

I  c,  4  u  4 

steady- state  5-lb^,  thruster  performance  numbers  for  N^O^/MMH  were 
used.  This  yielded  steady- state  operation  at  Isp  =  280  seconds  for  an  area 
ratio  of  40:1  at  a  mixture  ratio  of  1.40. 

b.  b.  050-lb^  Thruster 

The  low-thrust  hydrazine  gas  generator  plenum  system  was 

capable  of  giving  Isp  1  10  seconds  and  a  minimum  impulse  bit  of 
_4 

5  x  10  lb^-see.  These  numbers  are  identical  to  the  hydrazine  plenum 
system  described  in  Section  1II.B.2. 

c.  Conceptual  Schematic 

Figure  26  shows  the  conceptual  schematic. 

!5.  CIF^/Njll^  Bipropellant/N^H^  GG  Plenum 

This  bipropellant  system  is  similar  to  the  system  described 

in  Section  111.  B.  14,  except  that  care  must  be  exercised  in  the  selection  of 
a  GIF-  storage  tank.  A  tank  material  compatibility  problem  exists  which 
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Figure  26.  System  Schematic  for  N  O  /N Jl  -N J1  GC1  Plenum 


was  not  experienced  with  N,0,.  No  performance  data  for  a  5-lb. 

4  f 

C  I  F  _  /  N  ,  1 1  j  thruster  are  available.  The  only  required  power  is  that  needed 
to  operate  the  propellant  valves. 

a .  5  -  lb^.  Th  rus t  e  r 

For  this  study,  a  10-second  specific  impulse  gain  above  the 
N  0^/t\,ll^  system  was  assumed.  Therefore,  steady-state  performance 
was  Isp  £90  seconds  at  a  mixture  ratio  of  2.0. 

I).  0.  0  50 -lb  Thruster 

Once  again,  the  hydrazine  gas  generator  plenum  performance 
numbers  were  identical  to  those  used  previously  in  Section  I1I.B.2, 

e.  Conceptual  Schematic 

Figure  27  shows  the  conceptual  schematic. 

1  6.  ADI3  DART/ API3  DART 

The  development  status  of  the  decomposed  ammonia  radioisotope 
thruster  (DART)  has  been  described  under  Section  111.  B .  6 .  The  all-DART 
concept  has  been  favored  by  the  AFRPL  since  1968,  and  an  in-house  study 
was  accomplished  by  Mr.  E.  Barth  to  detail  its  potentials  and  mission 
applications  (Reference  5). 

a.  5-  lb  .  I'll  rus  le  r 

— . — t  - 

There  is  no  5-lb^  engine  in  this  concept.  All  engines  are  of 
the  l).  l)25-lb.  class.  Repositioning  may  pose  a  problem. 

b.  0.  02  5-  lb  .  Tli  ruste  r 

I'he  ADI3  DARI’  performance  goals  were  used  for  the  all-DART 
system.  I  hrust  level  was  25  millipounds  and  a  20-millisecond  pulse 
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produced  a  minimum  impulse  bit  of  5  x  ID  lb^-see.  Pulse  mode 
lap  3i()  seconds  and  steady-state  Isp  280  seconds  were  used,  based  on 
a  c  apsule  gas  temperature  of  2500  F. 

c.  Conceptual  Schematic 

Figure  28  shows  the  conceptual  schematic. 

C .  PROPULSION  SYSTEM  WEIGHT 

A  computer  program  was  developed  to  facilitate  the  task  of  calculating 
spacecraft  geometry,  weighing  the  propellant  required  and  sizing  propellant 
tankage  and  pressurization  systems.  This  program  will  weigh  the  entire 
propulsion  system  for  a  geosynchronous  orbit  with  up  to  10  different 
propulsion  functions  being  performed.  The  program  will  accept  variations 
in  the  following  parameters;  (l)  satellite  parameters  such  as  initial  gross 
weight,  life,  initial  angular  momenLum  and  repositioning  rate,  (2)  center- 
body  parameters  such  as  bulk  density,  geometry  (i.  e.  ,  spherical, 
cylindrical  or  rectangular)  and  L/D  ratios,  (3)  solar  panel  variables  such 
as  ideal  specific  weight,  percent  life  degradation,  specific  surface  area 
and  height- to- length  ratio,  and  (4)  parameters  for  the  small  thrusters  such 
as  minimum  thrust  level,  minimum  pulse  width,  deadband  half-angle  for 
accuracy  and  the  minimum  average  angular  rate  for  limit  cycling.  In 
addition  to  these,  data  on  the  propellant  storage  tank  materials  and  their 
properties  ami  storage  pressures  are  required.  The  lsp  which  would  be 
realized  during  each  propulsion  requirement  for  a  given  propellant  or 
propellant  combination  is  also  required.  Information  obtained  from  the 
program  is:(l)  solar  panel  and  centerbody  dimensions  and  weights,  (2) 
onboard  power,  (3)  satellite  moments  of  inertia,  (4)  impulse,  AV  and 
propellant  amounts  for  each  propulsion  requirement,  (5)  total  impulse, 

AV  and  propellant  required  for  the  mission,  and  (6)  storage  tank  sizes  and 
weights  and  the  amount  of  pressurant  required  along  with  a  tank  to  store 
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Figure  28.  System  Schematic  for  DART-DART 
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For  this  study,  four  different  missions  were  analyzed.  These  were: 

I.  10-year  life,  3000-pound  satellite  performing  north- 
south  stationkeeping.  (This  mission  will  be  designated  as  10-3NS.) 

3.  10-year  life,  3000-pound  satellite  not  performing  north- 
south  stationkeeping.  (This  mission  will  be  designated  as  10-3,  ) 

3.  5-year  life,  2000-pound  satellite  performing  north- south 
stationkeeping.  (This  mission  will  be  designated  as  5-2NS.  ) 

4.  5-year  life,  2000-pound  satellite  not  performing  north- 
south  stationkeeping.  (This  mission  will  be  designated  as  5-2.  ) 

Values  assumed  for  other  spacecraft  parameters  which  remain  con¬ 
stant  from  system  to  system  in  this  study  have  been  discussed  in 
Sections  lll-A-2  (Satellite  Geometry)  and  I1I-A-3  (Mis  sion  R  equirements ). 
Tables  IV,  through  VII  present  the  results  from  the  computer  for  the 
above  four  missions.  These  tables  give  the  propellant  weight,  inert 
weight,  total  weight  of  the  propulsion  system  without  a  power  penalty, 
power  penalty  and  the  total  system  weight  with  the  power  penalty. 

All  of  the  systems  investigated  in  this  study  require  some  power; 
some  require  more  than  others.  All  systems  have  solenoid  valves  in  the 
feed  systems  and  these  require  power  to  operate  them.  Since  the  power 
levels  of  these  are  so  small,  these  power  requirements  were  ignored  in 
assessing  a  power  penalty.  It  was  also  assumed  that  the  hydrazine  sys¬ 
tems  would  not  require  heaters  to  keep  the  hydrazine  as  a  liquid.  There¬ 
fore,  power  penalties  were  assessed  upon  the  water  electrolysis, 
hyurazine  resistojet,  colloid,  cesium  and  mercury  pulsed  plasma  systems, 
"nwer  oeiialties  used  are  presented  in  Table  VIII. 
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TABLE  IV.  PROPULSION  SYSTEM  WEIGHT  FOR  3000-POUND 
SATELLITE  WITH  A  10-YEAR  LIFE  PERFORMING 
NORTH-SOUTH  STATIONKEEPING 


High 

Th  mate  p 

Low 

Th  ruste  r 

Propellant 

Weight 

Ine  i  t 
Weight 

T  ota  I 
Weight 

W  /  O  Pov/e  r 

Po  we  r 
Penalty 

Total 

Weight 

With  Power 

11,0 

Colloid 

200. 638 

65.  004 

266. 242 

94.  6 

360.  8  12 

N,  1 1 .  Cat. 

C.  4 

Cs  Ion 

188. 820 

89.  097 

277.  917 

198.  0 

475. 917 

DO 

Colloid 

227. 357 

54.  055 

282. 012 

92.  4 

374. 412 

N2H4  Cat. 

Colloid 

243.  %9 

47.083 

291. 052 

92.4 

383. 452 

N2H  Cat. 

Ilg  P.  P. . 

243. 909 

50.  181 

29-1.  150 

1  32.  0 

426.  1  50 

H2° 

H2° 

022. 212 

06.  969 

689.  18  1 

2.  2 

691. 381 

DART 

DART 

021. 055 

1  12.420 

733. 475 

- 

733. 475 

N„1I.  Cat. 

C.  4 

DART 

640. 093 

97.  554 

738.  247 

- 

738. 247 

N21I4  Cat. 

2 1 14  Radioisotope 

751. 930 

05.  551 

817.  487 

- 

817.487 

C11VN2K4 

N'2I14  GG  Plenum 

770. 006 

57.  489 

833.  495 

- 

833. 495 

N2°4/N2H4 

GG  Plenum 

799. 055 

00.957 

855.  012 

- 

855. 012 

N2H4/Cat. 

N2H4/Resistojet 

82  0.  52  5 

51. 933 

878. 458 

6.6 

885. 058 

DO 

DO 

850.  282 

73.  368 

923.  650 

- 

923. 050 

N2K4/Cat. 

N2H4  Cat. 

1013. 323 

62.81  1 

1076.  134 

- 

1076.  13-1 

N  ,  M  .  Cat. 

c.  4 

N2H4  Electrolytic 

1031.291 

715'  10%.  000 

19.  8 

1  1  15.800 

N2H4  Cat. 

N,I I ,  GG  Plenum 

c.  4 

I 070. 732 

60.732 

1137. OHO 

i 

- 

Iir  )Hi* 

l.-.rh-fc  inliiiWiiiHiMfnnMf  ti  r 


TABLE  V.  PROPULSION  SYSTEM  WEIGHT  FOR  3000-POUND 
SATELLITE  WITH  A  10-YEAR  LIFE  NOT  PERFORMING 
NOR  T 1 1  -  SO  UT I  I  S  T  A  TION  K  E  EPINC. 


Total 

Power  Weight 


9-1.6  263.206 

92.4  277.688 

92.4  287.297 

132.0  333.861 

198.0  427. S80 

2.2  263.271 

288. 039 
291.448 
293.710 
294.487 
6.  6  3  34.  1  31 

378.687 
383.977 
4  11.SK, 
447.  780 
19.8  S-12.173 


11,0 

(  <>1  In l<t 

107. 713 

1)0 

Colluhl 

1  (S.  29  1 

•V'4 

Cat. 

(‘Olliil. 1 

1  S2. 4 36 

N,  "4 

Cat . 

llg.  P.  P. 

IS2.4  36 

,N‘  2  * 1 4 

Cat. 

C.6  Ion 

142.634 

"2° 

!12U 

20  (.  SI  S 

DART 

dar  r 

204. u4  2 

DO 

L)C) 

210.  824 

N2i!4 

Cat. 

N,ll,  Radiol sotoj.e 

2S0.217 

V. 

Cat. 

DARI 

227. S4o 

•N2U1 

Cat. 

N,il  Kosislojel 

298.  369 

('IF-, 

*> 

N  2 1 1 1 

,\  ,  1 1  ( ii  i  PK-  moo 

337.  -108 

■  '2  :,-l 

•V'4 

N^ll  !  (1C,  Plenum 

M  1  . 879 

n,h.i 

Cat. 

N  ,  1 1  (1(1  1  ’lemon 

17-1. 084 

■V. 

(  ’  <lt  . 

!  N  ,11  Cal. 

1  to.  020 

N  .  1 1  . 

I'al. 

...11,  !•  U ,  t  riilyt  i> 

180.  29S 

TABLE  VI.  PROPULSION  SYSTEM  WEIGHT  FOR  2000-POUND 
SATELLITE  WITH  A  5-YEAR  LIFE  PERFORMING 
NORTH-SOUTH  STATIONKEEPING 


High 

Thruster 

Low 

Thruster 

Propellant 
W  eight 

Inert 

Weight 

Total 

W  eight 

W/O  Power 

Power 

Penalty 

Total 

Weight 

With  Power 

h2° 

Colloid 

95.  842 

60.  78K 

1  56.  630 

94.  6 

251 . 230 

DO 

Colloid 

1  1  3.  987 

49.  0  70 

163.057 

92.4 

255.457 

N2H4  Cat. 

Colloid 

125. 266 

4  0.  ‘JS  5 

166. 221 

92.4 

258.  621 

N0H .  Cat. 

2  4 

Hg  P.  P. 

125.  266 

4  7.  071 

172. 337 

132.  0 

30  1.  337 

N2H4  Cat. 

Cs  Ion 

107.  001 

84. 902 

191. 903 

198.  0 

389. 903 

cif5/n2h4 

N,H4  GG  Plenum 

293.  1  70 

37.  867 

331 . 037 

- 

331.037 

N2H4  Cat. 

DART 

260. 949 

70.  897 

331.846 

- 

331. 846 

DART 

DART 

246.  654 

86.  588 

333.  242 

- 

333.  242 

o 

(M 

X 

»2° 

275.462 

59.459 

334.  92  1 

2.  2 

337.  121 

N2°4/N2H4 

N2H4  GG  Plenum 

300.  932 

39.  578 

340. 510 

- 

340.  510 

N^H  .  Cat. 

2  4 

N'2H4  Radioisotope 

300.454 

45.910 

346. 364 

- 

346.  364 

DO 

DO 

331.742 

54. 365 

386. 1 07 

- 

386. 107 

N^H.  Cat. 

2  4 

N2H4  Resistojet 

377.696 

32.  846 

410. 542 

6.  6 

117.  142 

N2H4  Cat. 

N.,11.  GG  Plenum 
c  4 

412. 496 

39.  171 

4  5  1  ,  (j  (>  7 

- 

451 . 667 

N2H4  Cat. 

N2H4  Cat. 

512. 553 

42. 285 

554.  838 

- 

5  ^4 .  8  3tS 

N2H4  Cat. 

N,1 1  Elect  rolytic 
c.  4 

565.  962 

4  5.  784 

611. 746 

1  9.  8 

631. 5  16 

65 


TABLE  VII.  PROPULSION  SYSTEM  WEIGHT  FOR  2000-POUND 
SATELLITE  WITH  A  5-YEAR  LIFE  NOT  PERFORMING 
NORTH-SOUTH  STATIONKEEPING 


High 

i  Th  nut  e  r 

t 

l.ow  ' 

Th  raster 

1 

Propellant  ■ 
Weight  ; 

Ine  rt 
Weight 

Total  | 

Weight 

W/O  Power  | 

Powe  r 
Penalty 

Total 
Weight 
With  Power 

;  IU» 

Colloid  i 

64.581 

58. 712 

123.293 

94.  6 

217.893 

,  1)0 

Colloid 

8  3.  0  1  5 

4  7.  01  3 

1  30.  028 

92.4 

222. 428 

X,ll  Cat. 

Colloid 

<14.  475 

38. 910 

133.  385 

92.  4 

225. 785 

'  Nid".l  Cat' 

lit!  IT  IT  | 

<14.475  ! 

46.  71  1 

141. 186 

1  32.  0 

273. 186 

DO 

DO 

114.763  ; 

44. 932 

159.695 

- 

1 59. 695 

X,U,  Cat. 

N ,  1 1  Radioisotope 

1 Z 3 .  835 

36. 944 

160.  779 

- 

160. 779 

dV'V-i 

X  ,  1 1  ,  GO  1  ’lenum 

138.  901 

3 1 . 038 

169.  939 

- 

169. 939 

N2°4/N2U4 

X ,  1 1  ^  CiCi  Plenum 

141.611 

3  1. 698 

173.  309 

- 

1 73. 309 

•  Nall4  Cat. 

DART 

1  17.  022 

57.894 

174.  916 

- 

174. 916 

X  ,11  Cat. 

Cs  Ion 

91.535 

83. 931 

175.  466 

198.  0 

373.466 

DART 

DART 

101. 587 

74.993 

176.  580 

- 

1 76. 580 

nan 

1  30.  146 

55.  364 

185.  510 

2.2 

1  87.  780 

X,H(  Cat. 

X ,  1 1  j  CiCi  Plenum 

160.191 

27.  020 

187.  21  1 

- 

187. 21 1 

N^llj  Cat. 

N  ,  1 1  j  Resistojet 

192. 057 

23. 933 

215.  990 

6.  6 

222. 590 

N,!i  Cat. 

X  ,  1 1  Cat. 

£99.488  | 
i 

52. 664 

332.  152 

- 

3  32.  152 

j  X  ,11,  Cat. 

X,llj  Electrolytic 

373.085  | 

37. 286 

410.  371 

1  9.  8 

430. 171 

1  _ 
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TABLE  VIII.  POWER  PENALTY 


System 

Penalty  (pounds) 

Electrolytic 

19.  8 

Resistojet 

6.  6 

Cs  Ion 

198.  0 

Colloid 

92.4 

Hg  P.  P. 

132.  0 

h2o 

2.  2 
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The  ideal  method  of  assessing  a  power  penalty  would  be  based  on  the 
continuous  power  required  by  a  thruster.  However,  thruster  requirements 
are  given  as,  say,  100  watts.  It  is  not  stated  if  this  is  a  continuous 
requirement  or  one  that  is  required  just  during  the  pulse  itself.  Also,  no 
information  is  given  as  to  power  required  between  pulses  nor  the  amount 
of  ’’warm-up"  time  required  by  a  particular  thruster.  Therefore,  power 
penalties  were  assessed  on  the  basis  of  the  amount  of  power  required  by 
a  thruster  times  the  number  of  thrusters  onboard.  The  weight  of  a  solar 
panel  which  would  then  provide  this  power  was  added  to  the  propulsion 
system  weight.  In  this  manner,  the  maximum  power  penalty  has  been 
assessed  upon  the  systems. 

Figures  29  through  32  present  the  total  propulsion  system  weights 
graphically.  Figures  29  and  30  have  no  power  penalties  whereas  Figures 
31  and  32  include  them.  It  should  be  noted  that  in  each  figure,  the 
systems  are  arranged  in  order  of  increasing  total  weight  for  the  mission 
with  north-south  stationkeeping. 

Several  observations  are  to  be  made  from  the  two  figures  without 
power  penalty.  The  most  important  is  the  large  weight  saving  obtained 
when  the  small  thruster  is  of  the  electric  type  and  the  mission  requires 
north-south  stationkeeping.  In  the  case  of  a  10-year,  3000-pound 
satellite,  this  saving  stands  to  be  as  much  as  871  pounds  between  the 
N2H4  catalytic-N^H^  gas  generator  (GG)  plenum  system  and  the  H^O 
elect  roly  sis -colloid  system,  and  as  little  as  395  pounds  between  the 
all-H  J)  electrolysis  system  and  the  NGi  .  catalytic-Hg  pulsed  plasma 
system.  i  his  weight  jump  between  electric  and  chemical  small  thrusters 
is  not  very  large  for  a  mission  which  does  not  require  north-south  station¬ 
keeping,  but  there  still  are  savings  with  electric  propulsion.  It  is 
interesting  to  note  that  in  all  four  missions,  the  H^O  electrolysis  -  colloid 
is  the  lightest  propulsion  system  combination.  For  missions  10-3NS  and 
10-3  ti.e.,  10  years,  3000  pounds,  with  and  without  north-south),  the 
all-water  eleitr  dysis  system  is  the  lightest  of  the  chemical  systems. 
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TOTAL  PROPULSION  SYSTEM  WEIGHT  (POUNDS) 


TOTAL  PROPULSION  SYSTEM  WEIGHT  (POUNDS) 


TOTAL  PROPULSION  SYSTEM  WEIGHT  (POUNDS) 


For  Mis sion  5 -2NS,  this  system  lacks  only  4  pounds  of  being  the  lightest 
of  all  chemical  systems.  There  are  some  systems  which  possess  properties 
that  translate  themselves  into  total  propulsion  system  weight  handicaps  for 
some  of  the  missions  investigated. 

For  Mis  sion  1 0-3NS,  the  three  systems,  all  N^Il^  catalytic,  N^ll^ 
catalytic-N^H^  electrolytic  and  N^H^  catalytic- GG  plenum,  have 
approximately  the  same  total  propulsion  system  weight.  However,  this 
trend  disappears  in  Mission  5-2NS  and  5-2.  For  these  missions,  the 
N2H4  catalytic- GG  plenum  system  is  considerably  lighter  than  the 
other  two  combinations.  This  is  a  result  of  the  large  minimum  impulse 
bits  required  for  N^H^  cat:aly^c  or  N^H^  eletrolytic  small  thrusters. 

Hence,  for  either  of  these  two  systems  to  be  competitive  for  the  less 
strenuous  missions,  i.e.,  without  N-S  stationkeeping,  the  minimum 
impulse  bit  must  be  reduced. 

A  similar  circumstance  occurs  with  the  electric  thrusters  and  in 
particular  the  N^H^  catalytic-Cs  ion  system.  However,  in  this  case,  the 
inert  weight  of  the  Cs  ion  thrusters  and  power- conditioning  equipment  is 
the  reason  for  the  increased  weight.  For  the  less  strenuous  missions, 
this  inert  weight  begins  to  overshadow  the  propellant  savings  obtained 
with  the  large  Isp  of  the  Cs  thruster  when  compared  with  the  other 
electric  systems. 

There  are  several  different  observations  to  be  made  if  a  power  penally 
is  included  in  the  total  system  weight.  These  results  are  shown  in 
Figures  31  and  32.  The  jump  in  system  weight  is  not  as  large  when  going 
from  electric  to  chemical.  For  Mission  10-3,  there  are  several  chemical 
systems  which  weigh  less  than  the  11  g  pulsed  plasma  or  cesium  ion  systems. 
For  these  two  missions  with  the  power  penalty,  the  water  electrolysis 
system  is  the  lightest  chemical  system. 
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For  Missions  5-2NS  and  5-2,  the  effect  of  the  power  penalty  on  the  Hg 
pulsed  plasma  and  cesium  ion  engines  is  quite  evident  from  Figure  32. 

For  Mission  5-2NS,  Lhe  weight  of  these  two  systems  is  comparable  with 
the  chemical  systems  whereas  in  Mission  5-2,  most  of  the  all-chemical 
systems  weigh  less  than  the  electric  systems.  The  water  electrolysis- 
colloid  syslem  is  the  lightest  for  Mission  5-2NS,  but  for  Mission  5-2,  the 
all-DO  system  weighs  less  than  any  other  one. 

It  is  interesting  to  note  that  for  all  four  missions  investigated,  the 
N^ll^  catalytic- electrolytic  system  requires  the  most  total  impulse 
to  do  the  same  mission.  It  also  requires  the  most  AV  for  mission 
accomplishment.  The  catalytic-N^H^  GG  plenum  will  accomplish  all 

four  missions  while  expending  the  least  amount  of  total  impulse. 

D.  SYSTEM  COSTS 

The  cost  of  a  propulsion  system  is  an  important  and  integral  part  of 
a  total  system  analysis.  The  development  cost  data  for  an  advanced 
propulsion  system  are  very  difficult  to  obtain.  In  addition,  a  significant 
portion  of  the  development  cost  is  expended  for  flight  qualification.  The 
cost  of  a  system  not  previously  developed  for  a  similar  application  will 
necessarily  be  higher  than  that  of  a  system  already  flown.  Therefore, 
the  costs  shown  here  reflect  the  total  system  cost  even  though  it  may 
have  already  been  spent.  Therefore,  all  values  shown  have  a  common 
basis.  It  should  be  stressed  that  these  are  rough  cost  estimates  and 
should  be  considered  as  such.  These  estimates  do  have  value  in  that 
they  provide  a  relative  ranking  of  a  system's  cost.  Table  IX  provides 
the  costs  for  the  individual  thruster  concepts,  while  Table  X  gives  the 
cost  for  an  et.  ire  propulsion  system  combination. 
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E.  SYSTEM  RELIABILITIES 

Reliability  data  and  combining  techniques  were  used  as  suggested  by 
a  recent  JPL  report  (Reference  2).  Data  presented  in  that  report  were 
derived  from  a  review  of  previous  reliability  studies,  reported  component 
reliabilities  and  failure  rate  values.  However,  no  failure  rate  data  were 
included.  Reliabilities  for  the  noncyclic  components  were  based  on  a 
1 -year  mission  duration,  and  the  cyclic  component  reliabilities  were 
used  based  on  10,  000  cycles.  Reliabilities  were  not  improved  through 
use  of  redundancy.  A  listing  of  component  reliabilities  used  is  provided 
in  Table  XI.  Reliabilities  used  for  the  valve-thruster  combinations 
are  shown  in  Table  XII. 

TABLE  IX.  THRUSTER  COSTS 


Thruster 

Cost 

Where  Obtained 

Large  Thruster 

Million 

N2H4  Cat. 

2.  5 

AFRPL  best  estimate 

DO 

3.0 

AF RPL  best  estimate 

H2o 

5.  0 

Marquardt  Corp.  contract 
AFRPL  best  estimate 

N2°4/N2H4 

3.6 

AFRPL  best  estimate 

C1VN2H4 

4.  5 

AFRPL  best  estimate 

DART 

4.  7 

AFRPL  best  estimate  and 
Reference  3 

Small  Thruster 

NHI.  Cat. 

2  4 

3.  0 

AFRPL  best  estimate 

N011,  GG  Plenum 

2  4 

3.  5 

AFRPL  best  estimate 

N^ll^  Electrolytic 

1.0 

AFRPL  best  estimate 
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TABLE  IX.  THRUSTER  COSTS  (Cont) 


Thruster 

Cost 

Where  Obtained 

Small  Thruster 

Resistojet 

2.  6 

AFRPL  best  estimate  and 
Reference  3 

Radioisotope 

3.5 

Reference  3 

DART 

4.  7 

AFRPL  best  estimate  and 
Reference  3 

Cs 

4.0 

AFAPL  best  estimate 

Colloid 

5.  5 

SAMSO  ADP 

Hg  P.  P. 

4.  85 

AFAPL  best  estimate 

DO 

3.  5 

AFRPL  best  estimate 

h20 

5.  5 

Marquardt  Corp.  contract 
and  AFRPL  best  estimate 
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TABLE  X.  TOTAL  PROPULSION  SYSTEM  COST 


Larg 

e  Thruster 

Small  Thruster 

Total  Systen 
(million 

I 

^2^4  ^a-t. 

N2H4  Cat. 

3.  0 

II 

^2^4  ^at* 

^2^4  ^^enum 

3.  5 

III 

N2H4  Cat. 

N2H4  Electrolytic 

3.  5 

IV 

N2H4  Cat. 

^2^4  •R-esist°jet 

5.  1 

V 

N2H4  Cat. 

N2H4  Radioisotope 

6.  0 

VI 

N2H4  Cat. 

DART 

7.  2 

VII 

N2H4  Cat. 

Cs 

6.  5 

VIII 

N2H4  Cat. 

Colloid 

8.  0 

IX 

N2H4  Cat. 

Hg  P.  P. 

7.  35 

X 

DO 

DO 

3.  5 

XI 

DO 

Colloid 

8.  5 

XII 

h2° 

H2° 

5.  0 

XIII 

h2o 

Colloid 

1  0.  5 

XIV 

N2°4/N2H4 

^2^4  Plenum 

7.  1 

XV 

c1F5/n2H4 

1^2^4  Plenum 

8.  0 

XVI 

DART 

DART 

4.  7 
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TABLE  XI.  PROPULSION  SYSTEM  COMPONENT  RELIABILITIES 


Noncyclic  Components 
Filte  r 

Propellant  Tank 
Plenum  Tank 
Pressurization  Gas  Tank 
Line  Heater 
Pressure  Transducer 
Bladder 
Fill  Valve 

Lines  and  Manifolds 

Cyclic  Components 
Gas  Generator 
Electrolysis  Cell 
Pressure  Switch 
B  elief  Valve 
Regulator 
Solenoid  Valve 
Bipropellant  Solenoid 
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0. 9999 
0.  9999 
0.  99988 
0. 99988 
0.  99985 
0.  99980 
0. 99968 
0. 99910 
0.  99850 

0. 9942 
0.  9925 
0. 9925 
0.  9925 
0. 9900 
0. 9871 
0.  9830 


TABLE  XIL  VALVE -THRUSTER  RELIABILITY 


Catalytic  Monopropellant 

0.  9958 

11^  Electrolysis 

n.  9960 

Pdp  ropellant 

0.  9958 

DART 

0.  9976 

Monopropellant  Plenum 

0. 9958 

Electric  Types 

0.  9970 

Radioisotope  Types 

0.  9976 

The  method  used  to  obtain  the  reliability  of  each  feed  system  employed 
the  normal  equation  which  is  the  product  of  all  the  component  reliabilities 
raised  to  a  power  equal  to  the  number  of  times  that  particular  component 
appears  in  the  system.  The  JPL  report  then  suggests  the  following 
equations  for  the  total  system  reliability. 


1.  The  large  thruster  doing  stationkeeping 

4 


R, 


=  R, 


R 


’LT 


LT 


V  -T 


LT 


whe  re : 

R„  =  total  large  thruster  system  reliability 

bLT 

R  =  large  thruster  feed  system  reliability 

*  LT 

Ry-T  n  large  thruster  -  valve  combination  reliability 
Z.  The  large  thruster  not  doing  stationkeeping 


R 


S 


R 


L’l 


R 


LT 


V  -T 


LT 
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Therefore,  using  these  equations,  a  reliability  for  both  the  large 
thruster  system  and  the  small  thruster  system  was  obtained  for  each 
propulsion  scheme.  The  propulsion  systems  can  thus  be  ranked  either 
according  to  the  reliability  of  the  large  thruster  or  the  reliability  of  the 
small  thruster. 

Table  XIII  shows  the  reliabilities  for  the  large  and  small  thruster 
feed  systems  and  the  total  large  and  small  thruster  system.  It  should 
be  pointed  out  that  these  numbers  are  based  on  the  conceptual  system 
schematics  in  the  previous  section,  and  therefore,  are  "conceptual 
reliabilities"  only.  However,  they  are  useful  from  the  standpoint  of 
obtaining  a  relative  ranking  of  the  various  propulsion  schemes. 

From  Table  XIII,  the  reliability  ranking  (high  to  low)  for  the  large 
thruster  feed  systems  may  be  summarized  as  in  Table  XIV. 
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TABLE  XIII.  SYSTEM  RELIABILITY 


I-arge 

Snial  1 

Th  rusler 

Thruster 

N2II4  Cat. 

N2II4  Cal. 

N2II  Cat. 

M,II4  Plenum 

N2H4  Cat. 

N2n,  Electrolytic 

N2n  Cat. 

N2 1 1  |  Rcsistoiel 

N2II4  Cat. 

i\’2ll4  Radioisotope 

N2II4  Cat. 

DARI 

N2H4  Cat. 

Cs  Ion 

N21 1  Cat. 

Colloid 

N2II4  Cat. 

Ilg  Pulsed  Plasma 

DO 

DO 

DO 

C  olloid 

11,0 

II  ,0 

11,0 

Colloid 

k2°4/n2h4 

N  ,1 1  j  1  ’leniim 

CII'5 

N2II|  Plenum 

DART 

DART 

IVi'il 

System 


0 .  ■  • ■>  r ■ •  i 
0.  I 
0.  '"hs  1 1 

0.  S'i ) 
0.  '1- xn  | 
0.  l-lnS-l 
0.  <<-1  i.^  l 

o.  ■qi,r-.-i 

o. ' > •  i <■»  =•  -i 

0.  OSH'II 
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TABLE  XIV.  LARGE  THRUSTER  FEED  SYSTEM 
RELIABILITY  RANKING 


Type 

Monopropellant 
Monop  r  opellant 
Water  Electrolysis 
B  ipr  opellant 


Propellant 

Same  as  in  small  thruster 

Different  than  in  small  thruster 

Same  as  in  small  thruster 

Fuel  is  same  as  small  thruster 
propellant 


A  similar  ranking  for  the  small  thruster  feed  system  is  in  Table  XV. 


TABLE  XV.  SMALL  THRUSTER  FEED  SYSTEM 
RELIABILITY  RANKING 


Type 

Monopropellant 

Monopropellant 

Plenum 

Water  Electrolysis 
Plenum 


Propellant 

Same  as  in  large  thruster 

Different  than  in  large  thruster 

Same  as  in  monopropellant  large 
thruster 

Same  as  in  large  thruster 

Same  as  fuel  in  bipropellant  large 
thruster 
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Ihe.se  rankings  serve  to  reiterate  the  obvious,  that  the  more 
complicated  or  the  more  components  in  the  feed  system,  the  lower  the 
reliability  of  that  feed  system.  In  like  manner,  large  and  small  thruster 
total  system  reliability  rankings  may  be  obtained  from  Table  XIII.  For 
the  large  thruster,  this  ranking  is  shown  in  Table  XVI. 

TABLE  XVI.  TOTAL  LARGE  THRUSTER  SYSTEM 
RELIABILITY  RANKING 


Type 

Perform  North-South 

Propellant 

Nuclear  Thermal 

No 

Same  as  in  small 
thruster 

Catalytic 

No 

Same  as  in  small 
thruster 

Nuclear  Thermal 

Yes 

Same  as  in  small 
thruster 

Catalytic 

Yes 

Same  as  in  small 
thruster 

Nuclear  Thermal 

No 

Different  than  in  small 
t  lints  te  r 

Catalytic 

/  No 

Different  than  in  small 
thr  uster 

II^O  Electrolysis 

No 

Different  than  in  small 
thr  us  te  r 

II^O  Electrolysis 

Yes 

Same  as  in  small 
thruster 

Bipropellunt 

Yes 

Fuel  same  as  pro¬ 
pellant  in  small 
thruster 

The  ranking  for  the  small  thruster  system  is  in  Table  XVII. 
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TABLE  XVII.  TOTAL  SMALL  THRUSTER  SYSTEM 
RELIABILITY  RANKING 


Type 

Perform  North-South 

Propellant 

Nuclear  Thermal 

No 

Same  as  in  large  thruster 

Nuclear  Thermal 

Yes 

Same  as  in  large  thruster 

Electric 

Yes 

Same  as  in  large  thruster 

Catalytic 

Yes 

Same  as  in  large  thruster 

Nuclear  Thermal 

Yes 

Different  than  in  large 
thruster 

Electric 

Yes 

Different  than  in  large 
thruster 

Plenum 

No 

Same  as  in  monopropellant 
large  thruster 

h2° 

No 

Same  as  in  large  thruster 

Plenum 

No 

Same  as  fuel  in  bipro¬ 
pellant  large  thruster 

These  total  system  rankings  once  again  point  out  the  fact  that  the 
simpler  the  conceptual  diagram,  the  more  reliable  the  system  should  be. 

In  addition,  the  nuclear  thermal  thruster  is  more  reliable  than  the  catalytic 
systems.  It  must  be  pointed  out,  however,  that  there  is  probably  a 
difference  in  the  reliability  of  the  thrusters  for  the  DO,  DART  and  N^H^ 
radioisotopes  even  though  the  value  vised  for  each  is  the  same.  The  same 
applies  to  the  electric-type  thrusters,  Common  values  were  used  because 
of  the  lack  of  data  on  these  new  thrusters.  Therefore,  care  must  be  used 
in  extracting  just  a  number  from  these  tables. 
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F.  PLUME  EFFECTS,  INTEGRATION  AND  HANDLING 

There  are  several  other  areas  where  the  different  combinations  may 
be  compared  on  a  qualitative  basis.  One  of  these  is  plume  effects.  Two 
areas  within  plume  effects  warrant  discussion.  These  are  the  signature 
of  the  plume  and  contamination  of  solar  panels,  and  sensing  devices  by 
the  plume.  Table  XVIII  shows  the  propellants,  their  signatures  and 
possible  contaminations. 


TABLE  XVIII.  PLUME  EFFECTS 


Propellant 

Signature 

Contamination 

N2H4 

Low 

Low  for  short  term;  lias  not  had 
long  term  studies  done 

nh3 

Low 

Low 

h2o 

High 

High  because  of  frozen  water 

n2o4/n2h4 

High 

High 

cif5/n2h4 

High 

High 

Cs 

Low 

Thought  to  be  high  hut  little  data 
are  available 

Hg 

Low 

Same  as  Cs 

Colloid 

Low 

Same  as  Cs 

DO 

High 

High?  No  studies  made 

It  must,  however,  be  kept  in  mind  that  the  contamination  from  any 
one  of  these  propellants  may  be  lowered  by  appropriate  positioning  of 
the  thrusters  or  by  careful  tailoring  of  operating  conditions.  If  the  thruste  rs  a  n 
pointed  away  from  the  solar  panels  and  the  sensors  on  the  satellite,  then 
there  may  be  essentially  no  contamination  from  any  of  them.  However, 
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from  a  plume  effects  standpoint,  the  all-hydrazine  or  ammonia  systems 
will  produce  the  least  plume  effects  whereas  the  bipropellants  and  the 
water  systems  probably  produce  the  worst  effects.  The  cesium,  mercury 
and  colloid  may  produce  the  worst  contaminations  of  all  but  this  isn't 
really  known  because  no  real  in-depth  studies  have  been  made  using  the 
propellants.  In  addition,  since  two  of  the  missions  investigated  here 
are  10  years  in  length,  it  should  be  pointed  out  that  no  work  has  been 
done  on  long-term  plume  effects  of  this  duration. 

Integration  and  handling  are  two  other  areas  where  comparisons  are 
required.  The  systems  employing  a  radioisotope  for  a  heat  source  have 
unique  problems  in  that  they  require  special  handling  both  on  the  ground 
and  within  the  spacecraft.  Adequate  shielding  presents  a  problem  because 
of  the  excessive  weight  buildup  of  the  containers.  C1F,.  also  has  a  ground¬ 
handling  problem  as  a  result  of  its  corrosive  and  toxic  nature. 

Certain  systems  have  inherent  problems  or  lack  flexibility.  The 
cesium  system  is  one  of  these  because  the  entire  feed  system  must  be 
kept  warm  (above  83.  3°F)  to  avoid  the  problem  of  frozen  cesium  in  the 
feed  lines.  If  the  cesium  freezes,  then  the  wicking  process  of  feeding 
the  thruster  will  not  work.  Hence,  there  are  inherent  problems  in  the 
feed  system.  Because  of  the  electrolysis  cell  in  the  H^O  electrolysis 
system,  there  is  very  little  flexibility.  The  cell  must  be  sized  to 
accomplish  the  task  and  cannot  be  split  up  in  order  to  redistribute  the 
weight  throughout  the  satellite.  Also,  the  storage  of  gaseous  hydrogen 
and  oxygen  in  the  mixed  condition  presents  a  potentially  explosive  problem. 
Care  must  be  exercised  in  this  area. 

The  electrical  systems  (Cs,  Hg  and  colloid)  are  very  complex 
systems.  They  require  large  voltages  and  power.  In  addition,  the 
action  of  the  accelerated  particles  can  degrade  and  limit  the  life  of  some 
of  the  engine  parts. 
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SECTION  IV 


CONCLUSIONS  AND  RECOMMENDATIONS 

Based  upon  the  calculated  data,  several  conclusions  may  he  made. 
Conclusions  as  to  system  weight  will  be  based  on  data  including  power 
penalty. 

1.  Eor  the  more  strenuous  missions,  i.  e.  ,  with  north-south 
stationkeeping,  the  systems  using  an  electric  small  thruster  have  a  con¬ 
siderable  weight  saving.  This  is  particularly  true  if  the  electric  concept 
is  a  colloid  system.  The  cesium  and  mercury  pulsed  plasma  do  not  offer 
as  large  a  weight  saving,  and  in  one  case,  none  at  all  (cesium  on  a 

5 -year  satellite). 

2.  For  missions  requiring  no  north-south  stat ionkceping,  t he 
electric  systems  offer  no  advantage  from  a  weight  standpoint.  If  the 
mission  life  is  for  5  years  or  less,  a  considerable  weight  disadvantage  is 
incurred  as  a  result  of  the  power  penalty  required. 

3.  The  water  electrolytis  or  nuclearther mal  systems  appear  to  offer 
some  weight  savings  over  the  other  "all -chemical”  systems  for  the  more 
strenuous  missions.  For  the  less  strenuous  mission,  these  systems  arc 
comparable  in  weight. 

4.  Although  the  all-hydr a/.inc  catalytic  systems  appear  to  offer 
no  weight  savings,  the  effect  of  the  hydrazine  plume  is  less  than  all 
other  systems.  Furthermore,  because  of  the  number  of  currently 
operational  catalytic  systems,  further  development  and  flight  qualification 
are  minimized. 
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5.  If  the  actual  power  penalty  is  anywhere  near  that  estimated  the 

electric  systems  offer  no  advantage  for  missions  not  requiring  north- 
south  stationkeeping. 


6.  The  weight  savings  obtained  fo 


r  missions  with  no  north-south 


stationkeeping  indicate  that  development  of  an  all-DO  system  is 


warranted. 


whereas  t^;1'01^;^™1  -e  very  good  reliability 

*  *  “d  ^  worse 


worse 


8.  The  reliabilities  for  solenoid  valves  are  very  poor  and  additional 

development  in  this  area  is  needed  Alc«  °al 

and  life  t  (- *  '  considerable  reliability  work 

life  testing  must  be  done  in  the  electric  thruster  area. 

impiL  b«  IfTooTlT  eIeCtr°ly“!  SyStem  a  poor  minimum 

■  f  Sec’  If  line  could  be  reduced  to  0.004  lb,-sec 

Ihen  this  concept  may  compare  more  favorably  with  the  hydrasinef  ' 
catalytic  systems. 


10.  The  nuclearthermal  systems  have  an  integration  and  handling 
oblem  which  must  be  solved.  5 


The  following  recommendations  are  thu 


s  put  forward. 


1.  Advanced  development  of  the  electric  thrusters  and,  in  particular 
the  colloid  thruster  Particular, 


2.  Life  and  reliability  work  on  electric  thru 


ster  s 


3.  Reduction  of  the  power  requirement  of 


the  electric  thrust( 
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4.  Development  of  the  water  electrolysis  thrusters 

5.  Reduction  of  minimum  impulse  bit  for  the  hydrazine  electrolytic 
and  the  cesium  ion  thrusters 


6.  Development  of  DART  and  DO  nuclearthermal  thrusters 

7.  Improvement  of  vajve  reliability 
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APPENDIX  A 


SATELLITE  PROPULSION  SYSTEM 
WEIGHT  PROGRAM  DESCRIPTION 

The  computer  program  can  be  divided  into  15  distinct  sections.  This 
is  shown  on  the  overall  logic  diagram  on  the  next  page.  The  program 
calculates  certain  data  in  each  of  these  sections.  The  flow  through  these 
sections  is  as  shown  in  the  diagram.  Following  the  diagram  is  a  short 
description  of  the  calculations  in  each  section. 
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Figure  33. 


Logic  Diagram  for  Computer  Program 


NO 
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SI 


READ  INPUT  DATA 


The  data  cards  for  a  particular  system  are  read  into  the  computer. 

52  -  SIZE  AND  W  EIGHT  SOI.AR  PANELS 

The  initial  gross  weight  of  the  satellite  is  used  to  determine  (lie 
onboard  power  from  the  solar  panels  using  equation  1II-1  in  the  main  body 
of  this  report.  The  panels  art;  then  si/.ed  and  weighed  using  the  ideal 
specific  weight,  percent  life  degradation,  specific  surface  area  and 
height-Lo-length  ratio. 

53  -  S I Z  E  AND  W  E IG II  C  EN T E R  BODY 

The  oenterhody  weight  is  equal  to  the  initial  gross  weight  minus  (lie 
weight  of  the  solar  panels.  The  cenlerbody  can  then  be  si/.ed  using  the 
bulk  density,  cenlerbody  shape  code  and  the  dimension  ratios  supplied  as 
input. 

54  -  CALCULATE  MOMENTS  OF  INERTIA 

The  moments  of  inertia  for  the  spacecraft  are  calculated  hero. 
Referencing  the  axis  system  as  set  up  around  the  spacecraft  in  Figure  1 
of  the  main  body  of  this  report,  the  equations  for  the  moments  of  inertia 

J 

in  slug -ft"  arc: 

For  spherical  cenlerbody: 

,  2 
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where: 

mcb  = 

M 


SP 


D 


Subscript  CB 
SP 


mass  of  centerbody 

mass  of  solar  panel 

centerbody  diameter 

centerbody 

solar  panel 


For  cylindrical  centerbody: 


(A-  3) 


(A-4) 


(A- 5) 
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S5  -  CALCULATE  MAXIMUM  PROJECTED  AREA 

This  area  is  required  in  (lie  calculation  of  solar  pressure  iorrei  - 
tions  and  is  the  area  seen  when  looking  along  the  /.  axis  in  Figure  I, 
including  solar  panel  and  cenlerbody  projected  area. 
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CALCULATE  IMPULSE,  AV  AND  PROPELLANT  AMOUNT  FOR 
TEN  MISSION  FUNCTIONS 


The  ten  mission  functions  are  calculated  in  the  following  order 
where  it  has  been  assumed  that  the  satellite  is  repositioned  halfway 
through  its  lifetime.  It  is  possible,  however,  to  eliminate  any  number  of 
these  functions.  In  such  a  case,  the  computer  automatically  sets  the 
impulse,  AV  and  propellant  required  to  zero. 

1 .  Despin 

2.  Tipoff 

3.  Injection 

4.  One-half  of  the  total  E-W  stationkeeping 

5.  One-half  of  the  total  N-S  stationkeeping 

6.  One-half  of  the  total  attitude  maintenance,  i.  e.  ,  solar 
pressure,  limit  cycle  and  contingency. 

7.  Repositioning 

8.  One-half  of  the  total  E-W  stationkeeping 

9.  One-half  of  the  total  N-S  stationkeeping 

10.  One -half  of  the  total  attitude  maintenance 

11.  Stationkeeping  contingency 

The  method  for  calculating  the  impulse,  AV  and  amount  of  pro¬ 
pellant  for  each  propulsion  function  is  as  follows: 

1.  DESPIN 

The  impulse  is  calculated  by  dividing  the  satellite  initial 
angular  momentum  by  half  the  maximum  distance  between  thrusters  in 
the  x-y  plane  (Figure  1).  If  the  centerbody  is  a  sphere  or  a  cylinder, 
then  this  maximum  distance  is  the  diameter.  If  a  rectangle,  then  use  the 
largest  dimension  (y  or  z)  of  the  centerbody. 

The  amount  of  propellant  equals  this  impulse  divided  by  the 
Isp  for  this  function,  and  the  AV  required  is  obtained  from  the  normal 
equat  ion. 
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AV 


(A- 10) 


g  1  s  p  In  ( M  /  Vy 

where:  M  mass  of  satellite  at  beginning  of  maneuver 

M  mass  of  satellite  at  end  of  maneuver 

e 


L.  TLPOFF  RATE 

The  impulse  for  t i pof f  is  read  into  the  computer  as  input  data. 
The  amount  of  propellant  and  AV  are  then  calculated  as  for  Despin. 

3 .  I NJECTtON  ERROR 

The  AV  for  this  is  read  in  as  input  data.  The  amount  of  pro¬ 
pellant  is  determined  through  the  use  of  equation  A- 10  and  the  impulse 
by  multiplying  the  amount  of  propellant  by  the  Isp. 

■I .  E  A  S' T  -  W  E  S  T  S  T  AT  1 0  N  K  E  E  P I N  G 

From  Table  J,  the  AV  is  equal  to 

AV  -  7.  1  5  t  (A-  I  1  ) 

m 

where  I  is  the  satellite  life  in  years.  The  impulse  and  propellant  are 
then  calculated  as  an  Injection  Error. 

5.  NO RT l.| -SOUTH  STATIQNKEEPING 

From  lublc  II,  the  AV  is  equal  to 

AV  ISO  t 

1 1 1 


Impulse  and  propellant  a  re  as  in  east-west  si  at  ionkeepi  ng  . 


07 


-r  — 1. 1 ■  ”i v."  ’m*'r\W'rtp.  *' *3 ! 


■n',v:tv~  vr  ir,frr-p?7  t  hh'l  rir-  (vr’fl  n  i^TT 


6.  ST AT1QNKEEPING  CONTINGENCY 

The  amount  of  impulse  is  equal  to  3  percent  of  the  sum  of  the 
east-west  impulse  and  the  north- south  impulse.  AV  and  propellant  are 
then  calculated  as  in  Tipoff  Rate. 

7.  SOLAR  PRESSURE 

The  impulse  is  calculated  from  equation  III  -  Z  in  the  form 

I  =  5.  91  t  (0.  35)  A, 

t  m  l 

s 

2 

where  A  =  maximum  projected  area,  ft  .  The  AV  and  propellant  are 
then  calculated  as  in  Tipoff  Rate. 

8.  LIMIT  CYCLE 

A  value  is  calculated  from  both  equation  III- 3  and  equation 
III-4.  The  impulse  required  for  limit  cycling  is  then  the  larger  of  the 
two  numbers.  AV  and  propellant  are  then  calculated  as  in  Tipoff  Rate. 

9 .  ATTITUDE  MAINTENANCE  CONTINGENCY 

The  impulse  is  calculated  as  per  equation  III- 5  with  AV  and 
propellant  as  per  Tipoff  Rate. 

>0-  REPOSITIONING 

The  AV  is  determined  from  equation  III  -  7 .  Impulse  and  pro¬ 

pellant  are  then  calculated  as  per  Injection  Error. 

S-7  -  GET  TOTAL  IMPULSE  AND  AV 

The  total  impulse  and  AV  are  obtained  by  summing  the  impulse  and 
AV  from  each  of  the  ten  propulsion  functions. 
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S-8  -  GET  TOTAL  AMOUNT  OF  EACH  PRO  PE  LLANT  REQUIRED 

In  this  section,  the  amount  of  each  propellant  used  for  the  len  pro¬ 
pulsion  functions  is  summed.  This  section  lias  the  capability  of  handling 
a  bipropellant  large  thruster.  By  using  the  mixture  ratio  on  this,  the  two 
propellants  can  be  split  out  to  give  correct  propellant  sums.  An  ullage  of 
1.  5  percent  is  then  added  to  each  propellant  sum. 

S-9  -  SIZE  AND  WEIGHT,  PROPELLANT  STORAGE  TANKS 

Spherical  tanks  are  designed  for  propellant  storage.  They  arc 
sized  by  getting  the  total  volume  required  from  knowing  the  total  pro¬ 
pellant  and  the  propellant  density.  The  tanks  are  then  weighed  using  the 
equation 


weight 

2  7T 

0.  9 

™3  „ 

(Ty 

where: 

<5 

=  operating  pressure,  psi 

R 

=  tank  radius,  inches 

f> 

3 

=  tank  material  density,  lb/in 

<ry 

=  yield  stress  of  lank  material,  psi 

(A-  Id) 


A  safety  factor  of  1.25  is  used  in  this  calculation.  From  this  weight,  the 
thickness  of  the  tank  is  determined.  This  thickness  is  then  compared  with 
that  coming  from  the  normal  stress  equation 


T 


qiR 


W 


(A-  1  3) 


The  largest  thickness  is  then  selected  and  compared  with  the  minimum 
average  workable  thickness  (input  data}  for  that  particular  metal.  The 
largest  of  the  three  thicknesses  is  selected  and  the  tank  reweighed  using 
this  thickness.  Then  15  percent  of  this  weight  is  added  to  account  for 
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fittings,  flanges  and  attachment  points.  The  program  has  the  ability  to 
not  design  a  lank  for  any  particular  propellant  if  so  desired. 

S-  l  0  -  PRESSURIZATION  SYSTEM 

The  program  can  design  a  pressurization  tank,  weigh  it  and  weigh 
the  gaseous  nitrogen  placed  in  it  if  so  desired.  It  is  also  set  up  to 
pressurize  only  some  of  the  propellant  tanks.  To  simplify  the  calculations, 
an  isothermal  expansion  of  the  GN^  was  assumed. 

S-  1  1  -  SUM  UP  ALL  WEIGHTS  TO  GET  A  TOTAL  PROPULSION 

SYSTEM  WEIGHT 

All  weights  are  summed. 

S-i?.  -  PRINT  OUT  ALL  RESULTS  FOR  SYSTEM 

The  results  for  the  particular  system  just  calculated  are  printed  out. 

S-13  -  IS  THIS  LAST  SYSTEM  TO  BE  CALCULATED? 

A  check  is  made  to  see  if  there  are  more  systems  to  be  calculated. 

Up  to  99  systems  may  be  calculated  with  one  computer  run. 

S-14  -  ARRANGE  SYSTEMS  WITH  "LIKE"  PARAMETERS  BY 

INCREASING  TOTAL  SYSTEM  WEIGHT 

Systems  with  common  parameters  (i.  e.  ,  doing  the  same  propulsion 
functions,  having  same  initial  gross  weight  and  satellite  life,  etc.)  are 
ranked  according  to  increasing  total  propulsion  system  weight.  If  the 
computer  received  no  inert  weights  (pipes,  valves,  thrus  ters,  etc.,  as 
input  data)  for  a  particular  system,  then  this  system's  total  weight  will 
appear  as  zero  in  the  listing. 

S-  I  5  -  PRINT  SYSTEMS  IN  ORDER  OF  INCREASING  WEIGHT 

This  increasing  total  weight  listing  is  printed  out. 
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APPENDIX  B 

SATELLITE  PROPULSION  SYSTEM  WEIGHT 
PROGRAM  USER  MANUAL 

This  section  describes  the  procedure  lor  writing  the  input  required  to 
use  the  computer  to  weigh  the  total  propulsion  system  to  accomplish  the 
proposed  post-1979  mission  model.  Twelve  dil'feient  types  of  input  data 
cards  are  required  to  manipulate  the  program.  Cards  2  through  12 
describe  any  particular  high-low  thruster  combination  desired.  Card  1 
tells  the  computer  how  many  such  cases  or  combinations  will  be  investi¬ 
gated.  Up  to  99  different  combinations  may  be  calculated  during  one 
computer  run.  However,  a  complete  set  of  data  cards  (cards  2  through 
12)  must  be  furnished  for  each  case.  In  the  event  of  a  special  study 
involving  relatively  few  changes  on  repeated  cases,  the  original  data 
deck  for  that  case  must  be  reproduced  and  only  those  cards  containing 
changes  must  be  repunched  and  inserted. 

The  input  variables  required  by  the  program  are  defined  on  the 
following  pages.  This  is  followed  by  a  listing  of  card  formats  and  input 
instructions.  Also  included  is  a  list  of  suggested  values  for  some  of  the 
variables  required  by  the  program. 


TABLE  XIX. 


COMPUTER  INPUT  VARIABLES 


C(i) 

DBHAID 

DEN(i) 

IDWHB 

IDWPET(i) 

IPWSEP(i) 

IDWWP 

INOP 

INOSTR 

IS(i) 

ISCBC 

LL(i) 

MM 

OPPRE 


The  Chemical  used  in  a  thruster 
The  Dead  Band  Half  Angle  In  Degrees 

3 

The  DENsity  of  chemical  C(i)  in  lbs /ft 

Means  Do  We  Have  a  Bipropellant  large  thruster. 
Depending  upon  the  value  of  IDWHB,  the  computer 
will  decide  whether  there  is  a  biprop  or  not 

Is  a  code  that  identifies  which  chemicals  are  expelled 
under  pressure  and  which  ones  are  not  (Do  We  Pressurize 
Each  T  ank) 

Is  a  code  which  identifies  which  chemicals  are  stored  in  a 
tank  and  which  ones  are  not  (Do  We  Store  Each  Propellant 
in  a  tank) 

This  is  a  code  which  tells  the  computer  Do  We  Want  a 
Pressurization  system 

The  Number  Of  different  Propellant,  C(i),  in  the  system 

The  Number  Of  Systems  To  Be  Run  or  calculated.  A 
system  refers  to  a  particular  large-small  thruster 
combination 

A  code  which  tells  the  computer  which  thruster  (large  or 
small)  is  used  for  mission  function  i 

A  code  which  tells  the  computer  the  geometry  of  the 
centerbody.  (Satellite  Center  Body  Code) 

The  number  of  systems  which  perform  common  mission 
functions 

A  code  which  tells  the  computer  whether  to  add  inert 
weights  or  not 

The  initial  storage  Pressurant  PREssure  in  psi 
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TABLE  XIX.  COMPUTER  INPUT  VARIABLES  (Continued) 


PTDEN 

PTSIG 

PWMIN 

SCBDEN 

SCBLOD 

SCBZTX 

SDV  (3) 

SIAM 

SIG(i) 

SISP(i) 

SIT(2) 

SLIFE 

SPHTL 

SPISW 

SPPCLD 

SPSSA 

SREPRA 


The  density  of  the  tank  material  used  for  storing  a 
pressurant  in  lbs/in?  (Pressurant  Tank  D ENsity) 

The  yield  stress  of  the  Lank  material  used  for  storing  a 
pressurant  in  psi  (Pressurant  Tank  SIGma) 

The  minimum  pulse  width  of  the  small  thruster  in  seconds 
(Pulse  Width  MINimum) 

The  Satellite  Center  Body  bulk  1) ENsity  in  lbs  /  ft 

The  ^satellite  Center  Body  Length  Over  Diameter  if  it  is 
a  cylinder  and  the  Z/Y  ratio  if  it  is  a  rectangle 

The  Satellite  Center  B_ody  Z  To  X  ratio  if  it  is  a 
rectangle 

The  Satellite  Delta  V el oc it y  required  for  injec  tion 
error  in  ft/sec 

The  Satellite  Initial  Angular  Momentum  in  ft-lb-sec 

The  yield  stress  (SIGma)  for  the  storage  tank  material 
for  chemical  C(i)  in  psi 

Are  the  System  ISP's  for  a  given  propellant  system  for  the 
10  steps  or  functions  required  in  the  mission  in  sec 

The  total  impulse  required  for  tipoff  rate  in  lb. -sec 
(Satellite  Impulse  Total) 

The  ^Satellite  LIFE  in  years 

The  Solar  Panel  Height  To  Length  ratio 

The  Solar  Panel  kleal  Specific  Weight  in  lbs/kw 

The  Solar  Panel  PerCent  Life  Degradation 

7 

_Solar  Panel  _Specifi  c  Surface  Area  in  ft^/kw 
The  Satellite  R EPos  itioning  R  Ate  in  degrees /day 
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lit  j 


TABL 

S  lrB(i) 

SWGT 
T  AMA(i) 

TAPR(i) 

TIIEDMI 

THRMIN 

TMDEN(i) 

TMMT(i) 

WGTI(i) 


D  XIX.  COMPUTER  INPUT  VARIABLES  (Continued) 


The  propellant  (SUBstance)  or  propellant  combination  used 
in  a  thruster 

Is  the  Satellite  WeiGhT  (initial  gross  weight)  in  pounds 

The  name  of  the  storage  TAnk  MATerial  for  chemical 
C(i) 

Is  the  storage  TAnk  PRessure  for  chemical  C(i)  in  psi 

The  minimum  achievable  angular  rate  of  the  satellite 
for  limit  cycling  in  degrees /sec  (THEta  Dot  Minimum) 


The  small  TlIRuster  MINimum  thrust  in  lbs^. 

The  storage  Tank  Material  D ENsity  for  chemical 
C(i)  in  lbs  /in? 

The  minimum  workable  thickness  for  storage  tank 
material  TAMA(i)  in  inches  (Tank  MinimuM  Thickness) 

The  inert  weight  of  the  propulsion  system  -  includes, 
pipes,  valves  and  thrusters  in  pounds  (WGT  Inert 
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INPUT  DATA  CARD  FORMATS 


Card  No. 


1 

Z 

3 

4 

5 

6 

7 

8 

9 

10 

1  1 


1Z 


Contol  and  Setup 

(3 irz) 


Large  and  Small  Thruster  Names 

[3  ( 3  A 6 )  ] 

fI;,-°,^nant  Name  and  Propellant  Density 
[3  (ZAO),  3  FI  0.  3  J  y 

nSU'Svnn"n«v“  and  System  Sp«-ia«lion 

(1012,  9X,  U,  9X,  n,  9X,  II,  lox,  Ft.  3) 

Propulsion  Function  Isp's 

(10F8.  3) 


General  Satellite  Specifications 

(5 F 1 0 .  4,  9X,  Tl,  ZF10.4) 

Solar  Panel  Specifications 

( 4  F 1 0 .  4) 


Thruster  Specifications 

(F10.  4,  3  F10.  6,  ZF10.  4) 


Propellant  Storage 

[3  (Z A6) ] 


Tank  Materials 


Storage  Tank  Material  Properties 

(3  F10.  3 ,  3F10.Z,  3F6.4) 


I  ressurant  Storage  Tank  Material  Properti 
Operating  Pressures 

,x- ,x’  1 


and 

n, 


Jhruster,  Piping  and 

(4 F10.  3,  IX,  II) 


Plumbing  Weights 
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CARD  NO.  1  (3112) 


CONTROi.  AND  SETUP 


V  ar  iable  Columns  R  emarks 

IN£)STR  1-2  Place  the  total  number  of  distinct 

system  cases  to  be  investigated  in 
these  two  columns.  The  number 
must  be  right  oriented.  (Limited 
to  99) 

LL  (1)  3-4  Place  the  number  of  system  cases 

that  perform  common  mission 
functions  here.  The  number  must 
be  right  oriented. 

LL  (2)  5-6  Place  the  number  of  systems  cases 

.  .  in  the  second  group  which  perform 

.  .  like  mission  functions  here.  The 

.  .  number  must  be  right  oriented. 

LL  (30)  61-62 


At  the  end  of  the  computer  output,  the  computer  ranks  all  system  cases 
with  common  parameters  (i.  e.  ,  initial  gross  weight,  life,  etc.)  or  mission 
functions  (i.  e.  ,  north-south  stationkeeping,  repositioning,  etc.)  in  order 
of  ascending  total  propulsion  system  weight.  These  variables  (LL  (I)  ) 
tell  the  computer  how  many  system  cases  are  in  each  common  grouping. 

If  LL(1)  -•  5  and  LL(2)  =  8,  then  the  first  5  cases  in  the  input  cards  will 
be  ranked  together  and  the  next  8  input  cases  will  be  ranked  together. 

There  can  he  up  to  30  such  groupings. 
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CARD  NO.  2  [3  (3A6)J 
LARGE  AND  SMALL  THRUSTER  NAMES 


This  card  can  be  filled  out  four  different  ways, 
investigated  with  either  CASE  A.  B,  C  or  D  and  input 


Mali  It  t  lie  system  to  be 
an  ordingl  y. 


Variable 

CASE  A 

SUB(l) 
SUB(2) 
CASE  B 
SUB(l) 
SUB(2) 
CASE  C 

SUB(l) 

SUB(2) 

CASE  D 

SUB(l) 

SUB(3) 


Columns 


Remarks 


The  large  thruster  is  a  monopropollant .  'I  ho  sm-ill  it  ( 

jpamwawt,  TBtTKBA.i.Ht  L" 

the  same  as  that  used  in  the  small  ilin,aer  *“  ^ 


1-18 

19-36 


1-18 

19-36 


Place  a  descriptor  for  the  large  thruster 
here.  Example:  CATAI.YT1C  \'21  I  I 

Place  a  descriptor  for  the  small  thruster 
here.  Example:  DAR  I  INI  13) 

Place  a  descriptor  for  the  large  thruster 
here.  Example:  CA'I  A  LYTIC  N2I  M 

Place  a  descriptor  for  the  small  thruster 
here.  Example:  EL  E<  ‘ T  RO|.  Y  I  fC  N2I  M 

The  large  thrusjgr  is  a  bipropellant  I'he  sm-ill  it  ,. . .  . . 

1S "»■ s,,r/A*.r:r 

1-18  ) 

Place  a  descriptor  for  the  bipropell  ant 

large  thruster  here.  Example:  \ TO / 

hydrazine 

Place  ■>  descriptor  for  the  monopropollant 

small  thruster  here.  Example:  C  ,\  I  AI  V  I 
K2II-I  1  '  -w.i  i 

Tlic  lat  {>e  t h r u s t cr  i s  ci  bi n r ( >dg  1 1  M n j  tm  ■»>  11  i 

HopeHanU  ^fVh^ie,-,!1  it:  the  ‘mono,  ,  opelhu  is'xor'u!"  " 

as  the  Tuel  fn  the  Ti^t-opol  1  ant .  1  ~Q1  llu  h',mo 


1  9-36 


1-18 

Place  a  descriptor  for 
large  thruster  hero.  1 
i  1 Y 1 )  R  A  /.  1 X  E 

the  bipr< 

[example: 

•  pel  1  a  nt 
NIC/ 

19-36 

NOT  rsEl) 

37-54 

Place  a  dosi 
small  thrust, 
fX'IH) 

riptor  for 
■r  here. 

the  mom 
Ex. a  mp]  e : 

’propel  1 

PAR  1 
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CARD  NO.  3  [3  (2A6),  3F10.3] 

PR  OP  EL  I.  ANT  NAME  AND  PROPELLANT  DENSITY 


:■  i  i  .i  • 

ii*}  i>  ■  .irinii:  » 

•  •  iho  in-*t  r*n  t  inns  m.it « 

;  liinn  tin*  i  ,im'  thom'ii  for  r,\UH  Z. 

irt.Me 

»  »il  :n.u- 

lVi-MU.il 
l.«u  ation^ 

Uo  nia  r  k  h 

A 

«  Ml 

l  -  1.! 

None 

1*1  a  it*  tin1  (liiMuii.il  synilinl  IuTi’  fnr  tin'  chemieal 
li-uil  in  I  In*  lariiu  thruster. 

i  .*.» 

1 

None 

Plate  Iho  «  hemit  al  **ymbnl  lion*  for  iho  »  homto.il 

1 1 s oil  in  tin*  small  ihrnstcr. 

J  *• 

NOl  rSKI) 

!  >!  1) 

%  7  -  «• 

roi.  1 1 

The  density  of  chemical  ( *  1  1  >  in  1 1  > / It 

:  :\mi 

If-  - 

cui.  si 

I  hc  lions ji y  of  Chemical  CM)  in  1 1> / ft 

<  ii 

1-U* 

Niiiii1 

1T.no  the  thoiuii.il  symbol  hero  for  tho  chemical 
used  in  hot h  i ho  larct;  and  small  thrnstor. 

1  >- " 

NOT  rs'KD 

M  \-  1 1 

17  -  » • 

roi.  n 

Mu'  density  of  »  homical  C’M)  is  11*/ t’t 

w  < 

•'h 

l  -  1 

Nmu' 

Plate  tin*  chemical  symbol  here  for  tho  oxidizer 
in  Inc  laruu  thrnstor  hi  propoll  an! . 

«  *.:i 

i  ; 

7.11111' 

I’l.u  o  Iho  «homii.il  symbol  hero  for  Iho  fuel  in 
»ho  larco  thrusior  bipropcllant 

.!•>. 

not  rsi:n 

m:\.  i  \ 

17-  h 

(  Ol.  1  1 

Iho  density  of  tho  biprop  ox  id  i /or  in  lb/  ft  ^ 

17- 

>  Ol.  O 

I  ho  density  of  tho  biprop  fuel  in  lb/ fl  * 

>  1 1 

I  - 1 

y.uiw 

IT.it  o  the  t  homical  symbol  here  for  tho  hiprop 
oxidizer. 

<  < ) 

l  ; 

\'i.no 

lT.no  iho  thomiial  symbol  here  for  iho  hiprop 
fuel. 

i 

None 

IT.no  the  ihomit  .il  symbol  here  tor  the  t  liOmii 
in  '  in'  inonoprop  "mall  thruster. 

'■  * I  1  » 

'Ol.  \  -• 

I  ho  density  of  ttu*  biprop  nxidi/er  inlh/fl 

:  7-  • 

<  ni.  s : 

llu?  donsiiy  of  the  hiprop  fuel  in  lb/ ft 

\  .*•«•  1  ni.  •  i  Ihodonsiiy  *  *  t’  the  monoprop  •  homical  in 

ii..  tt ! 


'1  •  ■  •  ••!  : n  ?*  ••  ii  .nlo-  '  -i  do.  iii  il  ! •« •  i i it  i-  ***]»li«  illv  in -ori od  in  input. 
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CARD  NO.  4  (1012,  9X,  11,  9X ,  II,  9X ,  II,  10X,  IN',,  3) 


PRO  PU 1 

.SION  FUNCTION 

AND  SYSTEM 

SPECIFICATION 

Variable 

Columns 

Decimal 

Location 

Re  mar  ks 

IS  ( 1 ) 

1  -2 

None 

Despin  code- 

IS(2) 

3-4 

None 

Tipoff  rale  code'-' 

IS  (3) 

9-6 

None 

Injection  error  code- 

IS  (4) 

7-8 

None 

E-W  stationkeeping 
code* 

IS  (5) 

9-  10 

None 

N-S  slalionkoeping 
code 

JS(6) 

11-12 

None 

.Slationkeeping  contin¬ 
gency  code- 

IS  (7) 

13-14 

None 

Solar  pressure  code-1 

IS  ( 8 ) 

15-16 

None 

Limit  cycle  code- 

IS  (9) 

17-18 

None 

Attitude  maintenance 
contingency  code--' 

IS(IO) 

19-20 

None 

Repositioning  code- 

21-29 

NOT  USED 

1DW11B 

30 

None 

Bipropellant  large 
thruster  code--- 

31-39 

NO  T  USED 

idww  r> 

40 

None 

Pressurization  code  -  --; 

41-49 

NO  T  USED 

ing5  p 

50 

None 

Number  o!  chemicals 
code-  -■ 

51-60 

NOI  USED 

WOTR 

t,  1  -66 

COL  i>3 

The  mixture  ration  for 

biprope  1  lant  large  thruster.  !' 
must  be  written  eis  the  ratio  ui 
C (  I  l/C(2) 
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CARD  4  (cont) 


These  ten  codes  tell  the  computer  which  thruster  (large  or  small)  is 
used  for  each  of  the  ten  mission  functions,  if  a  function  requires  the  large 
thruster,  then  IS(i)  =  1.  If  a  function  requires  the  small  thruster,  then 
IS ( i )  =  2  or  3  depending  on  whether  SUB(2)  or  SUB(3)  was  used  on  Card  2. 

If  it  is  desired  to  eliminate  one  of  the  ten  functions  from  the  system,  then 
IS ( i)  =  0  for  that  particular  function.  More  than  one  propulsion  function 
can  be  eliminated  at  once.  All  numbers  must  be  right  oriented  in  the 
fields. 


**  -  0  if  the  large  thruster  is  a  monopropellant 
=  1  if  the  large  thruster  is  a  bipropellant 

***  =  0  if  all  of  the  system  is  a  blowdown 

=  1  if  any  part  or  all  of  the  system  is  to  be  pressurized  from  a  gas 
bottle 

****  The  total  number  of  chemicals  placed  on  Card  3 
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CARD  NO.  5  (10F8.  3) 


PROPULSION  FUNCTION  lap's 


Decimal 

I 

Variable 

Columns 

Location 

R  e  rn  a  r  k  s 

SISP(l) 

1-8 

COL  5 

Despin  Isp 

SISP(2) 

9-16 

COL  13 

Tipoff  rate  Isp 

SISP(3) 

17-24 

COL  21 

Injection  error  Isp 

SISP(4) 

25-32 

COL  29 

F-W  stationkeeping  Isp 

SISP(5) 

33-40 

COL  37 

N-S  stationkeeping  Isp 

SISP(6) 

41-48 

COL  45 

Stationkeeping  contingency 

Isp 

SISP(7) 

49-56 

COL  53 

Solar  pressure  Isp 

SISP(8) 

57-64 

COL  61 

Limit  cycle  Isp 

SISP(9) 

65-72 

COL  69 

Attitude  maintenance 

contingency  Isp 

SISP(IO) 

73-80 

COL  77 

Repositioning  Isp 

These 

are  the  10  Isp  values 

in  seconds  wl 

iich  are  obtainable  from  ihc 

particular  propellant(s)  and  the 

duty  cycle  for 

the  10  mission  him  lions. 

1  l  1 
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CARD  NO,  6  (5F10.4,  9X,  II,  2F10.4) 
General  Satellite  Specifications 


Variable  C  olumns 

SWOT  l -10 

SCBDEN  11-20 


Decimal  Location 


Col  6 

Col  L 6 


SCBL0D  2  1-30 


Col  26 


SC  I  )  /.TX  3  1-40 


Col  36 


SL1FE 

4  1  - 

-  50 

Col  46 

Bl- 

-59 

ISC  B  C 

hO 

None 

SIAM 

6  I 

-70 

Col  66 

SP.EPRA 

7  I 

-80 

Col  76 

I  if 

c  e  nt  e  r 

body 

is  a 

rectangle 

2  if 

c elite  r 

body 

is  a 

sphere 

I  if 

c  ente  r 

body 

is  a 

cyl  inde  r 
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Remarks 


The  initial  gross  weight 
of  the  satellite  in  pounds. 

The  bulk  density  of  the 
satellite  ccnterbody  is 

lb  /  ft  3 

If  the  center  body  of  the 
satellite  is  a  cylinder, 
then  this  is  the  L/D  ratio. 

If  the  ccnterbody  is  a 
rectangle,  then  this  ratio 
is  the  ratio  of  the  dimen¬ 
sions  of  the  end  of  the 
rectangle  which  faces  the 
earth. 

This  is  used  only  if  the 
ccnterbody  is  a  rectangle. 

It  is  the  ratio  of  one  side 
of  the  end  of  the  rectangle 
to  the  length  or  height  of 
the  rectangle. 

The  life  of  the  satellite 
in  years. 

Not  used. 

Ccnterbody  shape  code 

The  satellite  initial 
angular  momentum  in 
FT  -  L13  -  SEC 

The  satellite  repositioning 
rate  in  degrees  per  day. 


I 


t:  V.i. 


a 


r.~  /i*  ■ 


urti.dq^ 


fc'.ivatfii.  hrii&v.a'.-wifrti*. .  ..ti 
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CARD  NO.  7  (4F10.  4) 
Solar  Panel  Specifications 


Variable 

Columns 

Decimal  Location 

Remarks 

SP1SW 

1-  10 

Col  6 

The  solar  panel  ideal 
specific  weight  in  LB/KW 

SPPCLD 

l  1  -20 

Col  16 

The  solar  panel  percent 
life  degradation  at  the 
end  of  t He  satellite  life. 

SPSSA 

21-30 

Col  26 

The  solar  panel  specific 
surface  area  in  FT^/KW. 

SIM  IT L 

3  1  -40 

Col  36 

The  ratio  of  the  height  of 
the  solar  panels  (the  side 
adjacent  to  the  ccnterbody) 
to  the  length  of  the  solar 
panel  (the  side  perpen¬ 
dicular  to  the  ccnterbody) 

1  13 


bitaw 
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CARD  NO.  8  (F1Q.  4,  3F10.6,  2F10.4) 


Thruster  Specifications 


Variable 

Columns 

Decimal  Location 

Remarks 

THRMIN 

1  -  1  0 

Col  6 

The  minimum  thrust  of 
the  thruster  used  for 
limit  cycling  in  LBp. 

PW  MIN 

1  1-20 

Col  14 

The  minimum  pulse  width 
obtainable  with  the  valving 
for  the  thruster  used  in 
limit  cycling  in  seconds. 

DBI1AID 

2  1-30 

Col  24 

The  dead  band  half-angle 
for  limit  cycling  in 
degrees. 

T  f  [  ED  MI 

3  1  -40 

Col  34 

The  minimum  achievable 
average  angular  rate  in 
limit  cycling  in  degrees 
per  second. 

SIT  (2) 

1  1  -SO 

Col  46 

The  total  impulse  in 
LB-SEC  required  for  tip- 
off  rate. 

SDV  (3) 

5  l  -60 

Col  56 

The  delta  V  in  FT/SEC 
required  for  injection 
error. 

1  14 


CARD  NO,  <)[  3  (2A6)  | 
Propellant  Storage  Tank  Materials 


Variable 

Columns 

Remarks 

TAMA  (1) 

1-12 

A  desc  riptor  for  the  tank 
material  for  storing  C  (1). 
Example:  TITANIUM 

TAMA  (2) 

13-24 

A  descriptor  for  the  tank 
material  for  storing  C  (2;. 

TAMA  (3) 

25-36 

A  descriptor  for  the  tank 
material  for  storing  C  (3). 
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CARD  NO.  10  (3F 1 0.  3,  3F10.2,  3F6.  4) 


Storage  Tank  Material  Properties 


Variable 

Columns 

Decimal  Location 

Remarks 

TM DEN  ( 1  ) 

1 

-10 

Col  7 

The  density  of  tank  material 
TAMA  (1)  in  LB/IN3 

T M DEN  (2) 

1  1 

-20 

Col  17 

The  density  of  tank  material 
TAMA  (2)  in  LB/IN3 

TM  DEN  (3) 

2  1 

-30 

Col  27 

The  density  of  tank  material 
TAMA  (3)  in  LB/IN3 

SIC,  (1) 

3  1 

-40 

Col  38 

The  yield  stress  for  tank 
material  TAMA  ( 1 )  in  PS1 

SIC  (2) 

41 

-50 

Col  48 

The  yield  stress  for  tank 
material  TAMA  (2)  in  PSl 

SIC  (3) 

51 

-60 

Col  58 

The  yield  stress  for  tank 
material  TAMA  (3)  in  PSI 

TMMT  (1) 

61 

-66 

Col  62 

The  minimum  workable 
thickness  for  tank  material 
TAMA  (1)  in  INCHES 

TMMT  (2) 

6  7 

-72 

Col  68 

The  minimum  workable 
thickness  for  tank  material 
TAMA  (2)  in  INCHES 

TMMT  (3) 

73 

-78 

Col  74 

The  minimum  workable 
thickness  for  tank  material 
TAMA  (3)  in  INCHES 

1 16 


CARD  NO.  11  I2F10.3,  F10.2,  3F10.3,  3(lx,  11),  -lx,  3(ix,  11) 


Pressurant 

Variable 

OPPRE 

P'J  DEN 

PTSIG 

TAPR  (1) 

TAPR  (2) 

TAPR  (3) 

IDVVPET  (1) 

1DWPET  (2) 


Storage  Tank  Material  Properties  and  Operating  Pressures 


Columns  Decimal  Location 


lie  i  nar  ks 


l -It) 


1  1-20 


21-30 


31-40 


4  1-30 


51-60 


61 

62 


63 


Col  7 


Col  17 


Col  28 


Col  3  7 


Col  4  7 


Col  57 


None 


The  initial  storage 
pressure  of  the  pres¬ 
surant  (N.i)  in  PSIA. 

The  density  of  6AL-4V 
Titanium  used  as  t  lie 
lank  material  for  the 
pressurant  -  This  has 
a  value  of  0.  1 6  1 
LB/IN3 

The  yield  stress  of  the 
6AL-4V  Titanium  used 
as  the  tank  material  for 
the  pressurant  -  This 
has  a  value  of  176,  000 
PSIA 

'The  storage  pressure 
of  chemical  C  ( I  )  in 
PSIA 

The  storage  pressure 
of  chemical  C  (2) 
in  PSIA 

The  storage  pressure 
of  chemical  C  (  3  )  in 
PSIA 

Not  used 

Pressurization  code  for 
chemical  C  ( 1  ) 

Not  used 


6-1 


None 


Pressurization  code 
for  Chemical  C  (2| 


6  5 


Not  used 
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Variable 


Columns 


Decimal  Location 


Remarks 


IDWPET  (3) 

66 

None 

Pressurization  code 
for  chemical  C  (3)* 

67-71 

Not  used 

1DVVSEP  (1) 

72 

None 

Storage  tank  code  for 
Chemical  C  ( 1 

73 

Not  used 

IDWSEP  (2) 

74 

None 

Storage  tank  code  for 
chemical  C  (2):,;:,: 

75 

Not  used 

1DVVSEP  (3) 

76 

None 

Storage  tank  code  for 
chemical  C 

0  if  chemical  C(i)  is  pressurized  from  gas  bottle 
1  if  chemical  C(i)  is  blown  down 

0  if  chemical  C (i )  is  stored  in  a  tank 
1  if  chemical  C(i)  is  not  stored  in  a  lank 
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CARD  NO.  12  (4FI0.3,  IX,  II) 


Thruster,  Piping  and  Plumbing  Weights 


Variable 

Columns 

Decimal  Location 

Remarks 

WGTI  (1) 

1-10 

Col  7 

The  inert  weight  (piping,  valve 
thrusters,  etc.  )  of  the  system 
for  one  propellant  tank  per 
propellant 

WGTI  (2) 

11-20 

Col  17 

Same  as  above  for  two  tanks 
per  propellant 

WGTI  (3) 

21-30 

Col  27 

Same  as  above  for  three 
tanks  per  propellant 

WGTI  (4) 

31-40 

Col  37 

Same  as  above  for  four  tanks 
per  propellant 

41 

Not  used 

MM 

42 

None 

Inert  weight  code 

*  =  0  if  computer  is  to  add  these  inert  weights  to  propellant  and  tank 
weights 

=  1  if  computer  is  not  to  add  these  inert  weights 
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Some  input  variables  have  recommended  values  to  be  used.  These 
variables  and  t he  values  are  listed  below. 


Card  No. 

Variable 

Value 

6 

SCBDEN 

20.  0  lb/fl3 

SIAM 

300.  0  lb-ft-sec 

S  RE  PR  A 

1 5. 0  deg/day 

7 

SP1SW 

88.  0  lb/kW 

SPPCLD 

80. 0  percent 

S  PSSA 

100.  0  ft2/kW 

8 

DBHA1D 

0.  125  deg  (Coarse  Mode 

0.  100  deg  (Fine  Mode) 

THEDMI 

0. 0002  deg / sec 

SIT  (2) 

2  3.0  lb / sec 

SDV  (3) 

50.0  ft/ sec 

1  1 

PTDEN 

0.  1  6  1  lb/in3 

PTSICJ 

176,  000.  0  lbf/in2 

It  should  be  noted  however,  t hat  it  is  not  mandatory  that  any  of  the 
above  values  be  used.  Those  are  only  recommended  as  being  repre¬ 
sentative  values  for  a  post- 1975  SYNCSAT  satellite. 
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This  completes  the  input  cards  required  lo  investigate  one  thruster 
combination.  If  a  second  system  is  desired,  repeat  cards  2  through  12  for 
system  2,  and  slack  them  immediately  behind  card  12  for  system  I.  Card 
is  not  repeated,  but  the  value  of  1NOSTR  just  updated.  The  diagram  on  the 
next  page  demonstrates  the  stacking  procedure  required  to  calculate  more 
than  one  propellant  system  and  the  control  cards  required  by  the  IBM  7040 
computer . 
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/ SIBSYS 


INPUT  DATA  CARDS  2 
THROUGH  12  FOR 
PROPELLANT  SYSTEM  NO.  3 


INPUT  DATA  CARDS  2  THROUGH 
12  FOR  PROPELLANT  SYSTEM 
NO.  2 


INPUT  DATA  CARDS  2  THROUGH  12 
FOR  PROPELLANT  SYSTEM  NO.  1 


INPUT  DATA  CARD  NO.  1 


ACS  COMPUTER  PROGRAM  (BINARY  DECK) 


Figure  34.  ACS  Computer  Program  and  Input  Data  Card  Arrangement 
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.  Tha  Page  shows  a  sam pie  propellant  case  The  1  _ 

is  a  bipropellant  using  GIF  and  N  u  •  ,  gG  thruster 

small  thrusler  used  fo8r  aol5a;;:eNs^;  a  m.ixlure  ™uo  of  2- 

attitude  maintenance  contingency  is  ,»  r'"”''  ^  “d 

satellite  initial  gross  weight  ^  «“  ^num.  The 

body  and  square  solar  panels.  The  C1F  •  “  Cyllndrlcal  center- 

cryostretched  stainless  steel,  while  the  «"«'  °f  301 

titanium.  Both  are  stored  at  ,50  psi  and  tl  "  “  <AMV 

at  Pai.  The  different  values  Z  Tsp  r‘  ir8”*”'  ^  ^ 

thruster  for  different  oronnl  •  ,  ,  P  same  ProPeUant  and 

for  the  functions  being  different  UnCtl°nS  “  &  °f  the  ***  c^cles 
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A  sample  output  from  this  program  will  be  of  the  form  as  shown  on  the 
next  three  pages.  The  words  shown  on  these  pages  are  a  part  of  the  output 
also. 
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THIS  SYSTEM  IS  COPCSEC  OF  THE  FOLLOWING  PROPELLANT  (  S  ) 
LSOCE  T F ROSTER  CLF5/N2F4 

SPALL  TF-UJST.:-'  N2F4  GG  PLENUM 


THE  MXTLRE  RATIC  FCF  THE  BIPRCP  IS  2.000 
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The  following  is  a  listing  of  the  computer  program 
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